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ABSTRACT
Several reports state that it is crucial to analyze nanoscale semiconductor materials and
devices with potential benefits to meet the need for next-generation nanoelectronics, bio, and
nanosensors. The progress in the electronics field is as significant now, with modern technology
constantly evolving and a greater focus on more efficient robust optoelectronic applications. This
dissertation focuses on the study and examination of the practicality of Electrophoretic Deposition
(EPD) of zinc oxide (ZnO) nanoparticles (NPs) for use in semiconductor applications.
The feasibility of several synthesized electrolytes, with and without surfactants and APTES
surface functionalization, is discussed. The primary objective of this study is to demonstrate that
the electrophoretic method for depositing ZnO NPs can also be used to produce ZnO films onto ptype silicon, functionalized p-type silicon, and aluminum substrates. This investigation uses ZnO
NPs deposited at room temperature onto silicon, functionalized silicon, and aluminum substrates
via EPD. The experimental work examines EPD solution formulations, EPD optimization for ZnO
NP coverage, imaging of the surfaces, and electrical characterizations. Thin films produced were
examined using Scanning Electron Microscopy (SEM), Raman Spectroscopy (RS), Ultraviolent
Photoelectron Spectroscopy (UPS), and Atomic Force Microscopy (AFM), electrical impedance,
and current-voltage (I-V) measurements. The results obtained are viewed in the context of
providing valuable information in the ongoing search for reproducible and robust yet economical
means of NP and thin-film deposition.
This work fabricates a proof-of-concept pn junction composed of n-type ZnO NPs
electrophoretically deposited onto p-type Si. This investigation presents a potential opportunity for
integrating this deposition method into applications where ZnO contributes to the reliability,

xiv

affordability, and highly increased sensitivity needed for the next generation of nanoscale devices
and systems.
The EPD of ZnO nanoscale thin films is important to several research areas, including
biosensors, photophilic dye-sensitized solar cells, optoelectronic devices, and thin-film transistors.
ZnO NPs have recently attracted attention due to their excellent optoelectronic performance and
low cost of production [1-11]. Combining EPD with ZnO NPs will result in a more accessible
technique of nanomaterial deposition, research tools for thin films and nanostructures, and
improved materials for next-generation electronics.
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CHAPTER 1. BRIEF DESCRIPTION OF CHAPTERS
This chapter briefly describes chapters 2 through 7 in this dissertation.
Chapter 2: "Motivation and Research Goals" will cover the underlying reasons for
conducting the research that is the subject of this dissertation. The study is motivated by the
fundamental properties of ZnO as a semiconductor and its promise for integration into elemental
(Si) and compound (e.g., GaN) materials processing and device fabrication. The main aim of the
work is to demonstrate how the electrophoretic technique of depositing ZnO NPs is also a feasible
process for depositing ZnO films onto aluminum, p-type silicon (p-Si), and functionalized p-Si
substrates.
Chapter 3: "Introduction and literature review of ZnO NPs" gives an overview of the
technological interest in ZnO, its properties, and ways to synthesize (grow) it. This chapter
concludes with examples of ZnO nanoparticle-inclusive devices.
Chapter 4: “Electrophoretic deposition and literature review” establishes a foundation for
the deposition technique used in this study by looking at the principles of EPD and its applications
in electronic materials and devices.
Chapter 5: The experimental design of this investigation is discussed in “Instrumentation
and design of experimental setup.” It contains information on the materials used and the fabrication
processes. This section also shows the preparation procedures before depositions. The fabrication
process of creating the study samples is explained in this section. The techniques and
instrumentations utilized to investigate the effectiveness of EPD of ZnO NPs were illustrated. The
EPD solution is described with details regarding weight and concentrations.
Chapter 6: “Deposition of ZnO nanostructures via electrophoretic deposition” describes
the results obtained from different characterization systems. It starts with basic information about
1

the instruments used and proceeds to figures and images of the results obtained. The chapter has
three crucial topics – (1) surface and emission characterizations, (2) dimensional characterizations,
and (3) applications.
Chapter 7: “Application of electrophoretic deposition of ZnO NPs in the fabrication of pn heterojunctions” illustrates the heterojunction fabrication and testing processes. The chapter has
five crucial topics – (1) why we chose the pn junction to be fabricated, (2) fabrication stages, (3)
obtaining the current-voltage curve of the proposed heterojunction, (4) explaining and obtaining
the heterojunction parameters such as voltage threshold and static and dynamic resistances, and
(5) methods to improve the obtained parameters.
Chapter 8: “Summary and suggestions for further research on this topic” presents a
complete review of the current research's findings. It summarizes the results from many sections
of this dissertation and recommends further study prospective application paradigms. It also
discusses possible future directions for this project that may be used to fabricate heterostructures
and chemosensitivity layers to detect numerous target gases

2

CHAPTER 2. MOTIVATION AND RESEARCH GOALS
This study is motivated by the fundamental properties of ZnO as a semiconductor and its
promise for integration into elemental (Si) and compound (e.g., GaN) materials processing and
device fabrication. The main aim of the work is to demonstrate how the electrophoretic technique
of depositing ZnO NPs is also a feasible process for depositing ZnO films onto aluminum, p-type
silicon (p-Si), and functionalized p-Si substrates.
Zinc Oxide (ZnO) is an appealing material for optoelectronics, PV solar cells, acoustics,
and high-sensing applications. ZnO is a wide energy bandgap semiconductor material that parallels
GaN, a compound semiconductor used in high-power transistors. Because of its high exciton room
temperature binding energy (60 meV), ZnO has an advantage over other semiconductors (such as
GaN) [12-14] in optical emitter properties for improving current lighting emitting devices such as
LEDs (light emitting diodes). In recent years, ZnO has also shown potential as a thin film transistor
(TFT) material, biosensor layer, and TCO (transparent conducting oxides) technology.
Zinc oxide (ZnO) nanoparticles (NPs) have remarkable physical and chemical properties
with respect to semiconductor functionality. When deposited onto a range of substrates, ZnO can
be used to create several types of devices that can be used for applications involving MEMS,
displays, batteries, and solar cell heterojunctions. In this study, we—1) study the electronic
properties of ZnO nanostructured materials, 2) work to optimize EPD techniques of thin-film
deposition for ZnO nanomaterials, 3) synthesize electrolytes corresponding to optimized organic
solvents to eliminate undesirable effects (e.g., coffee rings) as recommended by [15] and [16], and
4) develop a microfabrication technique for depositing ZnO nanoparticles on different substrates
with and without functionalizing treatments and different ZnO NP concentrations. To our
knowledge, this is the first study to optimize these four parameters for forming ZnO NP films.
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Item 1 above is obtained to study several factors that can improve the characterization of
ZnO NP thin films and the morphology of the deposited nanostructures. We plan to study the ZnO
NP morphology by optical and scanning microscopies. In addition, we will examine the thickness
of the material deposited with an Alpha step, the resistivity with a four-point probe, and the light
emission peak using fluorescence spectroscopy. Optimizing the EPD setup for the formation of
ZnO NP is the basis of the second item listed above. To design a nano deposition system, we
investigate a variety of EPD nanostructures with ZnO. Item 3 is an aqueous solution containing
various concentrations of ZnO NPs as a morphology-altering agent. We discuss EPD parameters,
electrolyte characteristics, and nanoscale device production procedures. Item 4 is based on
innovations in creating techniques and equipment for developing ZnO-based samples for potential
use in nanoelectronics applications. By understanding and optimizing those four items while
successfully developing tools and ways to synthesize ZnO and deposit nanostructures films, our
work contributes to the scientific knowledge of growing nanomaterials.
Electrophoretics has a distinct benefit in that it does not need the highly regulated
conditions of high temperature and high pressure usually used to deposit ZnO NPs structures.
Experiments must be conducted to measure these depositions under various applied voltages and
with different NP concentrations in EPD solution to determine the viability of using
electrophoretics to deposit ZnO NPs. Experiments were conducted to quantify the effect of applied
voltage during the deposition processes and its impact on the structural characterization. A stable
ZnO suspension was needed before the applied voltage's influence could be investigated. ZnO NPs
suspended in a solvent of ethanol, polyethylene glycol, and DI-water developed the highest quality
depositions after different suspensions. After successfully depositing ZnO NPs onto silicon
substrates, the samples were characterized using field emission scanning electron microscopy
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(SEM), atomic force microscopy (AFM), fluorescence spectroscopy (FS), and Raman
spectroscopy (RS). In addition, current-voltage (I-V) and ultra-violet photoelectron spectroscopy
(UPS) measurements were made.
Providing a method for electrophoretic deposition of ZnO NPs and demonstrating the effect
of the underlying substrate and the influence of voltage modulation on nanostructure size and
formation, film thickness, and surface coverage was the primary objective of this study. The
secondary purpose was to assess the impact of NP concentration changes and applied voltage on
forming ZnO nanoparticles with a round spherical shape. With an end goal of determining room
temperature electronic functionality in a proof-of-concept device structure, the following
instrumentation, sample configuration, and characterization tools have been utilized – (1) a
custom-designed “bench-top” electrophoretic deposition (EPD) system, (2) an n-ZnO/p-Si thin
film and 2-terminal sample fabrication, (3) SEM, Raman spectroscopy, and I-V characteristics.

5

CHAPTER 3. INTRODUCTION AND LITERATURE REVIEW OF ZnO
3.1 Nanotechnology and Nanoscience
Nanotechnology and Nanoscience (N&N) have profoundly influenced the field of
analytical device physics. While the analytical approach of N&N has stemmed from subsets of
solid-state physics, chemistry, materials science, and various engineering disciplines, the
nanotechnological approach is defined as the extraction of data from the nanoworld, which is a
crucial lens into fundamental nanoscience as well as the applied nanotechnological perspective
[17]. However, nanotechnology has become an increasingly growing phenomenon and is now the
subject of a wide range of studies. Nanotechnology is generally described as the process of
constructing, synthesizing, characterizing, and applying materials and devices by changing their
size and shape on a nanoscale[18]. The word nano is derived from the Greek prefix “nano” and
the Latin prefix “nanus,” both of which mean dwarf and refer to the size of a billionth of a meter
(10−9 m). More precisely, nanoscience is the study of molecules and structures on nanometers
scales ranging between 1-100 nm [19].
The uses of nanotechnology are far-reaching and can be found in almost every scientific
and technological field. The difference between nanoscience and nanotechnology is that
nanoscience focuses on atoms' nanoscale arrangement and essential characteristics. In contrast,
nanotechnology is linked with the technology used to control matter at the atomic level to
synthesize novel nanomaterials with various properties [20]. While nanoscience is linked to the
convergence of biology, physics, and materials science dealing with material manipulation at the
atomic as well as the molecular levels, nanotechnology ultimately requires the ability to assemble,
manufacture, and control the matter at the nanometer scale [19]. As such the goal of nanoscale
technology is to transform the theoretical and experimental underpinnings of nanoscience into
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practical applications. Thus, given the now ubiquitous investigations into all things nano, Figure
3.1 is only a general representation of N&N as studied today. Additionally, the surface sensitivity
and versatility of nanoparticles and nanostructures are of great interest in the evolution of nextgeneration technology. Rapid advancements in material sciences and electrical engineering have
resulted in the development of miniature electronic platforms with devices and modules as
compact as the critical components of living cells [2, 7, 21-24].

Figure 3.1. Nanoscience and nanotechnology in science and engineering.

3.2 Basic Properties of Nanomaterials
Nanomaterials, i.e., single dimension (1-D) and 2-D materials, are of great interest to
advancing science and technology due to their high surface-to-volume ratio and morphologydependent properties. Nanomaterials have at least one dimension less than 100 nm. The materials
and structures defined as 1-D materials have only one dimension outside of the nanoscale (1-100
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nm), such as nanorods [25] and nanowires [26]. In two-dimensional nanomaterials (2D), two
dimensions are outside the nanoscale.
Graphene [4, 27-29], borophene [30], transition metal dichalcogenides (TMDs)[31],
germanene[32], silicene (Se)[33], antimonite (Sb), and newly discovered tellurene (Te) are among
the many 2D materials that have been found and analyzed. This class shows plate-like shapes that
may be used to form nanofilms [34], and nanocoatings [35]. Nanotubes and nanowires as 1D
materials have been demonstrated by carbon nanotubes (Figure 3.2) [36]. The significance of these
emergent properties in electronics, medicine, and other fields is substantial. As an illustration,
nanomaterials may also strengthen and lighten cement, paper, and other products. Nano-scale
materials are key elements for the electronics industry because they are light and portable.
Additionally, biomedical nanomaterials also exhibit prominent biological characteristics
and potential biomedical implications. With the advancement of nanomaterials, metal oxide
nanoparticles have shown far-reaching and promising prospects in the biomedical field, with
specific emphasis on anticancer drugs, gene delivery, antibacterial properties, biosensing, and cell
imaging to name a few [37]. Bio nanomaterials are also helpful in environmental remediation and
clean-up because they bind with and eliminate toxins.
Finally, there has been much interest in nanostructured surfaces, thanks to their capability
to improve the performance of both physical and chemical processes in a given nanomaterial.
Quantum dots, albeit 0 D are synthesized and studied for their surface area effects and unique
electronic characteristics[38]. In a similar vein, the work of this dissertation is based upon ZnO
(NPs) that have been deposited onto semiconductor (and metal) surfaces and later used in the
fabrication of a pn junction to understand better the role that these structures may play in future
solid-state electronic applications
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3D

Visible by the naked eye
Bulk

2D

One nano-sized dimension
Graphene nanosheet

1D

Two nano-sized dimensions
Nanowire carbon nanotubes

0D

Three nano-sized dimensions
Quantum dots nanoparticles

Figure 3.2. classification of nanomaterials by dimensionality

3.3 Crystal Structure and Lattice Parameters of ZnO
ZnO crystallizes in the wurtzite (B4 type) form at room temperature and normal
atmospheric pressure, as shown in Figure 3.3. It is a hexagonal lattice from the space group P63mc,
with two interconnected sublattices of Zn2+ and O2 so that a tetrahedron of O ions surrounds each
Zn ion and vice versa. In addition, it can crystallize as a zinc cubic blend, with the stability of the
cubic zinc-blende stage necessitating the formation of ZnO on the surface of a cubic crystal
substrate, such as Si, GaAs, or SiO2 [39]. Figure 3.3 shows the ZnO crystal structure, including
the Wurtzite and Zincblende structures. While dark grey and blue circles highlight the Zn and O
atoms in the schematic, the absence of the arrows highlights the lack of density in that location.

9

Figure 3.3. ZnO Crystal Structure. Courtesy of A. Ashrafi and C. Jagadish, "Review of Zincblende
ZnO: Stability of Metastable ZnO Phases," Journal of Applied Physics, 2007, (102)7, p. 4.

The tetrahedral structural coordination will result in the formation of polar symmetry along
the hexagonal axis. This polarity is responsible for several of ZnO's properties, such as its
piezoelectricity and spontaneous polarization, and is also necessary for crystal growth, etching,
and lattice mismatch development. In addition, the four most common face terminations of
wurtzite ZnO include the polar Zn terminated (0001), O terminated (0001) faces (c-axis oriented),
also the non-polar (1120) (a-axis), and (1010) faces, all of which contain an equal number of Zn
and O atoms. The chemical and physical characteristics of the polar faces are known to differ, and
the O-terminated face has a slightly different electronic structure than the other three faces.
Furthermore, the opposite surfaces and the (1010) surface are stable, while the (1120) surface is
not [40].The surface is less stable and has a greater surface roughness than its equivalents. The
(0001) plane is a basal plane as well [41, 42].
The tetrahedral coordination of ZnO is a frequent indication of sp3 covalent bonding and
producing the crystal’s intrinsic polarity. However, the bond between Zn and O2 atoms has a strong
10

ionic character. ZnO is classed as a covalent and an ionic molecule on the Phillips ionicity scale,
with an ionicity of fi = 0.616. The hexagonal unit cell’s lattice parameters are a = 3.2495 and c =
5.2069, and its density is 5.605 g cm-3. Furthermore, the equation uc/a = (3/8)1/2 connects the axial
ratio c/a and u parameter, quantifying the amount each atom is shifted along the c-axis in a perfect
wurtzite c/a = (8/3)1/2 and u = 3/8 in an ideal crystal. In an ideal wurtzite structure, the structure
consists of two interpenetrating hexagonal-close-packed (hcp) sublattices, each of which consists
of one kind of atom displaced with respect to each other along the triple c-axis by u=3/8=0.375.
The u parameter in fractional coordinates is defined as the length of the bond parallel to the c axis,
in c units. Experimentally measured wurtzite ZnO u and c/a values range between 0.3817 and
0.3856 for u and between 1.593 and 1.6035 for c/a [43, 44].
3.4 Basic Properties of ZnO
ZnO NPs are considered one of the most promising metal oxide nanoparticles, commonly
employed in different fields due to their peculiar chemical and physical properties. The first
application of the ZnO NP was in the rubber industry, where it provided waterproofing features
for the composition of rubber to enhance the performance of the higher polymer for the
composition of rubber to enhance it’s performance in terms of its intensity, toughness, and antiaging properties [45]. ZnO thin films semiconductors are of particular interest owing to their wide
bandgap (3.37 eV), high exciton binding energy (60 meV), optical properties [46], thermal and
chemical stability[47], good biocompatibility[48], oxygen storage capacity[49], and excellent
catalytic and biosensing properties[50]. Such a relatively high value of exciton binding energy
would suggest that ZnO has stable and efficient excitonic emission, even above room temperature.
Such direct wide bandgap energy in an n-type semiconductor would indicate that ZnO NP
properties are potentially valuable as photonic material for optoelectronic applications [51-53].
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Moreover, ZnO nanoparticles are easily reducible from zinc nitride and zinc acetate. Thus, ZnO
nanostructures are exploited in various applications including optoelectronics [54], field emitters
[55], UV lasers [56], solar cells [57], gas sensors[58], and biosensors [59].
While many researchers have concentrated on ZnO's optoelectronic applications, others
investigating the material's inherent n-type nature have suggested several explanations for why
ZnO is intrinsically n-type. ZnO is generally believed to be n-type due to oxygen vacancies and
zinc interstitials in its crystal structure. ZnO crystals produced from bulk material have been
reported to have 2000 cm2/Vs—electron mobility. At 50o K[60], this value declines to as low as
205 cm2/Vs. At ambient temperature, for nanoparticles with a diameter in the neighborhood of 3
nm, ZnO nanoparticles have an electron mobility of approximately 5 x 10-3 cm2/Vs. [61].
P-type doping of ZnO is a topic about which there is limited knowledge and few reports
[62, 63]. In terms of optical characteristics, the fluorescence of ZnO is a potential feature for LED
and laser applications, as mentioned earlier. At 380 nm, a conspicuous emission peak is caused by
the radiative recombination of holes and electrons. Due to oxygen vacancies in the lattice structure,
fluorescence spectroscopy (FS) revealed a green emission peak around 500 nm (corresponding to
the electromagnetic spectrum). These visible spectrum properties show that ZnO is suitable for
LED and laser applications. The LED compatibility is based on the notion that the ZnO NPs
provide high quantum yield while exhibiting highly stable and broad FS within aqueous solutions
[45]. Because of their annealing-dependent emission properties, ZnO/GaN heterojunctions have
been exploited to make white LEDs. Additionally, ZnO has been widely researched in LED
technologies because of its high room-temperature exciton binding energy (60 meV) relative to its
thermal energy at ambient temperature.
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ZnO’s n-type semiconductivity results from its particular defect chemistry and is used in
various applications [64]. Maximum carrier concentrations on the order of 10-21 cm-3 have been
recorded for ZnO, compared to a “typical” bulk value of 10-17 cm-3 [65, 66]. However, oxygen
vacancies were once thought to be the cause of this difference [67-70], but more recent studies
have classified these as deep-level defects rather than shallow donors [71, 72]. According to the
research of Janotti et al. [67], the n-type conductivity of ZnO was caused by extrinsic rather than
intrinsic defects, including hydrogen creation into the material. Moreover, hydrogen has the
freedom to respond as both an interstitial and a substitutional (for oxygen) donor. Other impurity
species, such as the formation of ZnO complexes, have also been suggested as possible causes of
this n-type activity.
Nanoparticles (NPs) are vital in next-generation device technology due to their chemically
reactive surfaces and versatile applications. NPs can be synthesized from zinc acetate and
nitride[73]. They are used in applications such as gas sensing [74]. Because ZnO and GaN have a
wide band-gap, GaN applications such as blue-ultraviolet, green, and white lights in a lighting
emitting diode (LED) overlap with ZnO in semiconductor applications. Given that ZnO has
relatively high exciton energy (60 meV), one may wonder why it has not been utilized extensively
in the research and development of lighting emitting devices. This topic was extensively addressed
in a special issue conference[75].
Finally, one of the most difficult challenges to using the basic properties of ZnO in devices
is reproducibly doping the material p-type, and as was previously mentioned, few studies address
this obstacle [62, 63]. Recently, applications of ZnO NP-based heterostructures and homojunctions
have shown improvements in device functions such as resistive switching memory [76]. Devices
such as an ultrafast photodetector[77] and a self-powered UV homojunction photodetector[78]
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have been fabricated using ZnO and the properties unique to this compound. Considerable work
has to be done to exploit the functional properties of ZnO to move this use of this material closer
to commercial applications [79].
3.5 ZnO Growth Techniques
Due to their outstanding piezoelectric characteristics and a tendency to develop strong
(0001) preferred orientation on different substrates, including glass [80], sapphire[81],
diamond[82], and silicon[83], the formation of ZnO thin films has been investigated for acoustical
[84] and optical [85]devices. Multiple direct deposition techniques for growing ZnO NPS were
reported in the early literature. Every growth process is appropriate for particular uses, such as
some approaches being suited for thickness control and others for high precision. The following
parts will be described: Chemical Vapor Deposition (CVD), Molecular Beam Epitaxy (MBE),
Atomic Layer Deposition (ALD), Magnetron Sputtering (MS), and Sol-Gel processes.
3.5.1 Chemical Vapor Deposition
CVD is recognized for producing high-quality films suitable for large-scale production[8690]. This process can be used to produce high-performance solid materials. For example, CVD is
widely used in the present technology of manufacturing GaN-based optoelectronics[91]. The
process may require some modification for ZnO growth depending on the precursors needed to
deposit ZnO NPs. The CVD process consists of three phases: 1) solid materials are heated and
transition to their gaseous state, 2) the deposition material is conveyed in this gaseous form to a
substrate, and 3) surface nucleation processes form the basis for the subsequent formation (growth)
of CVD deposited nanoparticles and films.
As described in the literature, CVD has been used to produce ZnO. [86-88, 90]. The target
material will be delivered to the growing area through precursors. The usage of volatile precursor
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materials is common in CVD, and the reaction occurs in a controlled atmosphere with a high
temperature (typically around ~930oC) and a range of pressures. Some depositing ZnO CVD
procedures are carried out at atmospheric pressure (AP-CVD). In contrast, others are carried out
at low-vacuum (LV-CVD) (10-6 Pa) and ultra-high vacuum (UHV-CVD) (10-8 Pa)[92].
Hydrogen was utilized as a precursor for developing ZnO hydride vapor phase epitaxy
(VPE) and CVD[93, 94]. Although VPE refers specifically to thin films as opposed to CVD (which
can also be used for thick films), VPE is mentioned for its likewise gaseous-based deposition form
of growth. The evaporation zone, which had a temperature of approximately 770°C, was used to
deposit ZnO powder on the target substrate[95]. The average pressure was 132 Pa in these
situations, and the flow rate was about 42 ml/min[96]. The chemical interaction between the ZnO
target and the hydrogen carrier gas happens in the evaporation zone: The following representation
is considered.
ZnO+H2→Zn + H2O
On the deposition zone (substrate), the opposite reaction occurs:ec
Zn + H2O→ZnO+H2.
This technique produces ZnO films of excellent quality in terms of their crystalline
structure, electrical characteristics, and luminescence. However, these gaseous depositions may
involve environmentally harmful materials and the added expense associated with vacuum
chambers.
3.5.2 Molecular Beam Epitaxy
The key benefit of molecular-beam epitaxy (MBE) is that it enables precise control of
growth parameters and in-situ diagnostics. Zn metal and O2 are commonly utilized for MBE ZnO
thin-film deposition materials. ZnO MBE's growth mode can be dynamically tracked in real-time
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using input from high-energy electron diffraction (RHEED)[97]. During the evaporation of highpurity Zn metallic from an effusion cell, the cell temperature may be modified to examine the
effect of Zn flux on the growth rate and material properties. The impact of the Zn flux on the
deposition speed and material properties is explored[98]. It has also been reported that utilizing
hydrogen peroxide (H2O2) gas as a source for oxygen has resulted in the development of ZnO
films[99, 100].
In general, effusion is the technique of inserting a pinhole into an otherwise sealed gas
container. A pressure differential is generated when the diameter of the hole is less than the mean
accessible route of the gas molecules, and the molecules begin to escape from the container through
this hole[101, 102]. The effusion cells, also called Knudsen cells, store the source materials in the
growth chamber required for the growth process. In MBE, the solid source material is heated to
sublimation temperature in the Knudsen cell. The exiting collimer beam (due to a UHV
environment) impinges upon a substrate, and the gas phase molecules are adsorbed onto that
substrate (desorption can also occur). The surface structure of the adsorbed material can take on
various forms. However, in the case of ZnO, as it pertains to this discussion, the growth parameters
(i.e., substrate temperature, sublimation temperature of source material, flux rate from the effusion
cell) are selected to form tiny islands that spread throughout the substrate (growth) surface. Since
no additional carrier vapors are required to guide the sublimated gas molecules to the substrate,
minimum impurity levels are created. Just as zinc is put in a Knudsen cell for the molecular-beam
epitaxial deposition of ZnO, dopants are loaded into their own Knudsen cells. Aluminum, for
instance, is a common n-type dopant that has been used in ZnO depositions, with the oxygen
originating from an RF-controlled oxygen beam[103].
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Furthermore, an in-situ RHEED (Reflective High-Energy Electron Diffraction) system is
used to evaluate deposition quality. RHEED involves aiming a stream of electrons at a low grazing
angle incident to the ZnO NPs substrate surface. The beam reflected from the substrate impinges
upon a phosphorous-coated (growth chamber) window and forms diffraction patterns of light and
dark streaks. The patterns are directly related to surface reconstruction due to the growing material
and can be “read” to monitor sample surface quality. Ex-situ a detector can be used to track changes
during active growth in the RHEED pattern, known as RHEED oscillations, on the phosphor
mentioned above screen. These oscillations may be used to monitor, for example, the growth rate
of the deposited ZnO.
3.5.3 Pulsed-Laser Deposition
High-power laser deposition has been used for growing ZnO nanstructures[104]. Pulsedlaser deposition (PLD) is the general technique of irradiating a sample with a laser, often in a
vacuum, to deposit its solid components onto a substrate. The forms of pulsed laser deposition
(PLD) utilized vary based on the deposited materials and emission properties of the several
commercially available lasers associated with this method of materials growth. Typically, a
powerful laser beam is focused onto the surface of a ZnO NP sample using the required optical
components. The objective of these lenses is to achieve either high irradiances, resulting in the
creation of energizing plasmas and high ablation rates at the surface of the target or confine bigger
spot regions at the cost of lower irradiances and ablation rates [105, 106]. The PLD process
evaporates material off a target surface while retaining the stoichiometry of the material during the
contact. As a result, a supersonic plume of particles is blasted in a direction approximately normal
to the target surface. The plume disperses away from the target with solid velocity dispersion of
diverse particles in a forward direction. Chemicals deposited on the other side of the target
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condense on the opposing substrate. Significant advantages of PLD include its ability to generate
high-energy source particles, which permit high-quality film development at low substrate
temperatures, typically between 200 and 800 °C. In turn, execution of the process occurs at high
ambient gas pressures in the 100 to 105 Torr range.[107, 108].
Furthermore, several types of research have reported a wide range of geometrical
configurations for PLD processes [109, 110]. The most common method is to use a high-powered
beam with the sample tilted downwards or upwards and the substrate in front of the target. More
recently, configurations with the target in a horizontal position have developed.
Several configurations where the target materials are arranged on horizontal surfaces have
developed. This design is suitable for relatively high chamber pressure because both vectors, from
plume ejection perpendicular to the deposited surface and natural convection, add up without
geometrical distortions.
Several disadvantages might arise as a result of the PLD procedure. Droplet deposition,
which happens during the deposition of metals or alloys, became one of the most cited drawbacks
of traditional PLD procedures. Because the droplets amount rises in proportion to the laser fluence
and target roughness, changing the laser power and substrate position can reduce their presence.
Another technique for avoiding droplet formation is to utilize physical velocity filters, which are
used in the dual-beam ablation geometry[111]. Even though the quality of deposition and the
cleanliness of the thin layer improve with lower temperatures, such high-pressure settings severely
damage the quality of deposition and the cleanliness of the deposited coating, making them useless
for many applications.
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3.5.4 Atomic Layer Deposition
A thin or atomic layer deposition (ALD) is a chemical gas phase thin structure deposition
technique based on discontinuous saturated surface reactions. ALD has become a popular method
for depositing thin films in various electronic applications. Hence, it produces a variety of
materials in the form of thin films. In addition, the technique offers a tunable film with respect to
film thickness and a high aspect ratio with exceptional conformality. Due to these benefits, the
approach is a widely utilized instrument today.
Furthermore, semiconductor processing is one of the primary drivers for the recent
development of ALD. Unlike other chemical vapor deposition techniques, ALD introduces source
gases into the reactor, separated by purging or evacuation intervals. Each precursor exposure phase
coats the surface with a monomolecular layer. As a result, this process creates a one-of-a-kind selflimiting film development mechanism with various benefits, including high conformality and
uniformity, as well as precise and straightforward film thickness control[112, 113].
In ALD ZnO deposition, film growth happens cyclically. A cycle comprises four stages:
1) first gas carrier exposure, 2) reaction chamber purge or evacuation, 3) second gas carrier
exposure, and 4) reaction chamber purge or evacuation. Depending on the method, a single cycle
can deposit 0.01- to 0.3 nm layer thickness[112, 114]. This procedure is performed as often as
necessary to produce the desired film thickness.
ALD method was used to create ZnO nanostructures, and because the layer development
was precisely controlled, other variables could be investigated in depth. It has been shown, for
example, that the growth temperature of the ZnO channel layer in atomic layer deposition has a
significant influence on the device’s channel conductivity in thin-film transistors (TFTs)[115].
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ALD is a technique that may be utilized to create highly regulated, accurate ZnO
depositions. The ALD method, currently when used as the synthesis procedure for ZnO NPs,
results in significant quantities of undesirable contaminants in the form of metallic growth
catalysts[112, 113, 116]. The main drawback of ALD is undoubtedly its slowness since just a
monolayer of the film is formed during a single cycle. The poor growth rate may be compensated
for by utilizing ALD’s strong large-batch and large-area processing capabilities. One barrier to
broad ALD usage has been a lack of suitable and cost-effective methods for some critical materials
[112, 113, 116]. Also, an imperative necessity of state-of-the-art advanced vacuum systems in
ALD technology leads to high processing time and expense of instrumentation and maintenance.
3.5.5 Plasma Vapor Deposition
Plasma Vapor Deposition (PVD) includes multiple subsets, including Magnetron
Sputtering (MS). In general, plasma-based sputtering requires plasma, focus lenses, a source of
high voltage, and a substrate. A substantial voltage difference is applied between the target and
plasma within the deposition chamber in high-pressure vacuum conditions. As this potential is
formed, electrons begin to move from the lower voltage to the higher voltage (cathode to anode),
and at sufficiently high voltages, the electrons begin to ionize the chamber's gas molecules. As
soon as the gas molecules become positively charged and ionized, they begin to flow toward the
cathode, where they crash with the target. Upon impact, atoms from the target and secondary
electrons are ejected. These atoms from the target are subsequently deposited on the substrate
through impact and negative pressure.[117].
It is the magnetron's contribution that traps electrons on the substrates. Standard magnetron
sputtering is confined to applications using a conductive target since current cannot flow without
a power supply. Consequently, Radio Frequency MS (RF-MS) is characterized by a sinewave in

20

the radio frequency range, generally at 13 and 56 MHz. During the negative half-cycle of a timevarying voltage, electrons go from the targeted substrate to the electrode, causing gas ionization
and the identical mechanism described previously. During the positive half-cycle, electrons travel
toward the target, capturing them by the magnetron on the target's surface. This charging and
discharging pattern on the target permits using both conductive and non-conductive surfaces. Input
power, pressure, and temperature are the three most important control factors of RF-MS[118].
On insulating substrates such as glass or semiconducting substrates such as silicon, RF-MS
is frequently employed to deposit ZnO. In these instances, ZnO is used as the target material, and
the chamber is supplied with argon gas to aid the adsorption of ZnO nanoparticles onto the
substrate before deposition. One of the difficulties associated with MS is that the method demands
cutting-edge and complex vacuum systems. As a result, the length of time spent processing
materials and the amount of money spent on instrumentation and maintenance are both
significantly increased.
3.6 ZnO Nanoparticle-Inclusive Devices
ZnO is a semiconductor with unique properties of interest for device applications. The
sensitivity of ZnO NPs has been well documented in the literature[119, 120], and the
corresponding visible range of light emission could be advantageous for specific optoelectronic
applications. Recent advancements in ZnO nanostructures optical applications include lightemitting diodes and photodetectors.
3.6.1 Light Emitting Diodes
High-power white lightning emitting diodes for room lighting have been commercially
accessible since the mid-1990s[121, 122]. Japan pioneered developing commercial-grade white
and blue-emitting diodes based on GaN technology from the mid-1980s to the 1990s[122, 123].
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Light-Emitting Diodes (LEDs) have transformed lighting since their efficiency significantly
exceeds traditional light bulbs. When an electric current passes through an LED, it emits light.
When electrons of direct bandgap material traverse that bandgap to transfer from a high energy
state to a lower energy state, typically photons are emitted, and light emission is achieved. Figure
3.4 shows a schematic diagram of the essential material layers required to fabricate and circuit
connect LED for testing. LEDs outperform fluorescent light sources in several ways, including
reduced power consumption, longer lifetime, increased physical durability, smaller size, and
quicker switching. Industries employ and produce LEDs for various consumer applications such
as household light bulbs, automobile headlights projector lamps, and horticultural light
sources[121, 122, 124].
As previously mentioned (Section 3.4), ZnO overlaps GaN with respect to certain material
properties and resultant observable behavior. GaN has been used to fabricate LEDs where pumping
a color-converting phosphor creates room illumination applications[75]. The phosphors are bright
materials that convert most blue pump light (450–470 nm) from GaN into longer wavelengths in
the yellow and red spectrum. Because the efficiency of the pump chip has a significant influence
on the total energy conversion efficiency and efficacy of phosphor-converted LEDs, the new
phosphors employ a well-balanced combination of rare-earth ions in the same host or a wellbalanced mixture of different phosphors [121, 125].
ZnO NPs are a viable rival to GaN because of their substantially greater exciton binding
energy of 60 meV than the 25 meV of GaN at room temperature. Scientists and engineers have
primarily used ZnO in heterostructure LEDs because homostructures require the synthesis of a ptype ZnO dopant, which is currently difficult, although there have been several attempts reported
of p-type ZnO NPs[12-14].
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Figure 3.4. Generic diagram of a fabricated LED based on n-ZnO.

The most commonly used substrates for ZnO heterostructures junctions are sapphire, GaN,
and silicon carbide (SiC), with lattice mismatches of 46.5 percent, 1.8 percent, and 4.6 percent,
respectively [126, 127]. The direct bandgap is essential for semiconductors to generate light and
release photons via recombination processes. In this aspect, ZnO nanostructures are
electroluminescent materials.
3.6.2 Photodetectors
The photodetector is the critical component of an optical receiver's front end, transforming
the received optical signal into an electronic signal, sometimes referred to as the optical/electronic
convertor. Current fabrication technology allows for the creation of photodetectors of compact
size, with rapid detection rates and high sensitivity; these devices, when linked to photodiodes, are
the most popular type of photodetectors used in photosensitive electronic systems[128]. A pn
homojunction of p and n-type semiconductors can be used to realize photodiodes and laser diodes.
A photodetector's pn junction is reverse biased, unlike a laser diode's forward-biased pn junction,
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enabling a few reverse saturation currents to flow through the diode without an input optical signal.
While a photodiode's fundamental structure might be a basic pn homojunction, suitable
photodiodes can have a variety of device architectures to maximize quantum efficiency. [128,
129]. A semiconductor photodetector is frequently referred to as a p-i-n diode due to the intrinsic
layer between the p- and n-type layers.
In an ideal situation, a photodiode based on the deposition of ZnO instantly converts each
photon in the received optical signal into a free charged particle (electron), resulting in a
photocurrent directly proportional to the optical signal's strength. However, not every incoming
photon can be transformed into a charged particle such as an electron in an actual semiconductor
material, possibly due to insufficient photon absorption and carrier collection[130]. Additionally,
the transient carrier effect and the electric structures' RC parasitic might restrict the photodetection
speed. Thus, the responsivity and detection speed of a photodiode based on ZnO nanomaterials
depends on various elements, including the semiconductor's bandgap structure, the material's
quality, the photonic structure of the device, and the electrode design[131].
Multiple forms of photodiode noises based on ZnO NPs have been examined, including
shot noise, thermal noise, and dark-current noise[132, 133]. Thermal noise may be minimized by
raising the load resistance, but dark-current noise can be reduced by lowering the reverse saturation
current by material optimization and junction structure optimization[132]. However, shot noise
cannot be minimized because it is integrally linked to the photodetection process, which
establishes the primary restriction on the performance of an optical system known as the quantum
limit. Additionally, a ZnO NP-based photodiode, as with a practical photodiode, emits noise during
the photodetection process, degrading an optical communication system's signal-to-noise ratio
(SNR)[134].
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CHAPTER 4. ELECTROPHORETIC DEPOSITION AND LITERATURE
REVIEW
After the discovery of electrophoretic deposition (EPD) in 1808 by the Russian scientists
Strakhov and Reuss, the first attempt of EPD that used a deposition system was carried out in 1933
to deposit thoria particles onto a platinum electrode to form an emitter in electron devices [135].
Until 1990, EPD was used in the industry to prepare ceramics. It has been used in academia and
industry for bulk material processing and coating applications[136], [137]. Recently, EPD has
exhibited feasibility in depositing materials in nanoscale form and studying nanomaterial growth
behavior in ambient temperature [138], [139]. Figure 4.1 shows the sharp increase in the number
of papers published on EPD over the last century until now (2020). More than half of EPD
publications appeared after 2010 (Figure 4.2), indicating recent interest by the scientific
community in deposition and processing materials by EPD.
Several factors play a significant role in the process of EPD for successful film deposition,
such as applied voltage, the distance between electrodes, electrode material, contact length of
electrodes within the electrolyte, temperature, substrate treatment method, and electrolyte
composition. Additionally, in 1990 the line graph growth changed from a gradual increase to an
abrupt rise in EPD publications. The growth should be attributed to the increasing significance of
this method due to its high versatility for synthesizing new materials and applications, scalability,
and cost-effectiveness. It is also a tool for studying morphology and creating new electronic
devices [140], [141],[142]. This research will analyze, characterize, and optimize several
parameters for electrophoretically depositing ZnO NP films under different conditions with the
long-term aim of better understanding this material’s potential applications.
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Now that EPD has evolved into a materials growth technique [[140],[141], [142]], this
electrochemical approach has a plethora of new uses in the manufacturing of advanced ceramic
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materials and coatings. The attention to EPD in academia and industry is due not only to its high
versatility in terms of materials and their combinations but also because it requires only a few
simple parts for a basic setup. No specific substrate shapes are required; deposition can occur on a
flat, spherical, or shaped substrate with slight electrode design and target area changes. Time and
the applied voltage across the electrodes are the two primary parameters that might influence the
thickness and formations of the deposited films. Overall, the EPD described in this study consists
of charged nanopowder particles of ZnO dispersed in an organic solvent (EPD solution) deposited
onto a substrate. Several reports use the electrodeposition (electroplating and electrophoretic) term
interchangeably. A moving species generally distinguishes electrodepositions within a solution
and the solution's conductance requirement. In electroplating, the procedure necessitates a
conducting solution medium, ion mobility, and water most of the time. In contrast, electrophoretic
deposition employs a moving solid particle, does not require a conducting solution medium, and
an organic solvent, as opposed to water, is preferred in most cases.
Although it is documented in the literature that EPD is usually used on metallic substrates,
there are several successful attempts reported that used this chemical deposition method with
substrates such as graphite sheets [143], glass substrates[144], and onto porous non-conducting
alumina and NiO-YSZ surfaces [145]. We will use p-silicon, functionalized p-silicon, and
aluminum substrates in our work.

4.1 Fundamentals of Electrophoretic Deposition
EPD is usually performed with a two-electrode setup, and an aqueous solution is used as
an electrolyte. The mechanism of EPD is in two main steps. Firstly, we apply a voltage between
electrodes and charged particles in the composition of the host solution. In our work, ZnO NPs are
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accelerated toward the oppositely charged electrode. Secondly, an accumulation of particles at the
deposition electrode forms a relatively compact and homogenous film. EPD can be accomplished
by using a fine nanopowder of solid dispersed in a suitable liquid subjected to a controlled voltage
drop across the electrodes that are, in turn, immersed in the liquid mentioned above. After EPD, a
heat-treatment process of samples is required to solidify and help the particles adhere to the
electrode and to eliminate porosity [[146], [147], [148],[149]]. The essential concepts regulating
the deposition process are depicted in Figure 4.3.
EPD is classified as either cathodic (negative electrode) or anodic (positive electrode),
reliant on the polarity of the particles and electrodes utilized for growth. Anodic electrophoretic
deposition shows the development of negatively charged particles on a positive electrode. The
cathodic electrophoretic deposition occurs when the particles in the EPD host obtain positive
charges and deposit them onto the cathode. Thus, changing the nanostructure surface charges on
the particles can produce any of the two deposition forms.

Figure 4.3. a) Schematic of EPD setup. b) The EPD setup in the EMDL lab.
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EPD involves the creation of stable suspensions made up of electrostatically charged
particles suspended in a suitable solvent, with particular processes in place to prevent the particles
from flocculating or aggregating. Systems for incorporating surface charge on particle suspensions
include dissolution of ions from the particle, selective adsorption of ions from the solvent, and
adsorption of molecules from the solvent, followed by preferential desorption of one of the
dissociated ions[150]. Generally, EPD may be used on any solid that can be ground into a fine
powder. EPD can be used for metals, polymers, carbides, oxides, nitrides, and glasses, among other
material classes.
4.2 Parameters Influencing EPD
Several experimental factors determine the electrophoretic structures' features and
operation type. Physical parameters such as electrode type, particle size, electrical conditions
(deposition time, voltage, distance between the electrodes), and suspension-related parameters
will be discussed in this section. In the EPD process, charged ZnO particles in an EPD solution
are deposited onto a substrate under the influence of an electric field. A portion of the current for
particle EPD should be carried by charged particles (ZnO molecule) and free ions coexisting in
the suspension. As a result, the current determines the number of particles deposited. The current
in the EPD process is focused on charged particles and free ions in the organic solution. If these
parameters are not optimized properly, the required coating pattern may not be achieved.
4.2.1 Particle Size
Although there is no universally accepted criterion for particle sizes acceptable for EPD,
excellent deposition has been reported for several ceramic and clay systems in the 1–20 µm
range[151, 152]. Electrophoresis mobility must exceed the mobility of particles due to gravity to
ensure the electrophoresis process[153]. That is the issue of larger particles that tend to settle due
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to gravity. A higher surface charge is required for the EPD of bigger particles. The cracking on the
surface substrate during the drying process can also be influenced by particle sizes[151, 153].
Smaller particles can enhance the morphology and reduce breaking forms during EPD.
4.2.2 Zeta Potential
Establishing a net charge at the particle surface in a solution influences the number of ions
in the surrounding solid-liquid interfacial space. In a higher concentration than the ion's bulk
concentration, ions surround the charged particle in the suspension in the opposite direction
(known as counterions). The suspended particles must have a high and uniform surface
charge[151, 154]. In the electrophoretic deposition process, the Zeta potential of particles is a
critical component. The Zeta potential determines the strength of repulsion, essential to suspension
stability, direction, velocity, and density of particles. The interaction between particles and the
suspension determines the suspension's stability. Two mechanisms influence this contact:
electrostatic and van der Waals forces[155, 156]. A high electrostatic repulsion owing to a high
particle charge is necessary to avoid particle aggregation. The particle charge also influences the
deposit's density. Based on the surface charge of the particles, these two mechanisms will oppose
each other. If the particle charge is low, it will pull particles together to produce agglomeration
and sponge-like forms, both undesirable deposition outcomes.
Several charge agents, including acids, bases, and mainly adsorbed ions or polyelectrolytes,
can be used to alter the Zeta potential of the solution [154]. These additives work in a variety of
ways. The desired polarity and particle deposition rate are the most important factors when
choosing a charging agent. On the other hand, if the particles have a high surface charge during
deposition, they will repel each other, occupying locations that will result in a high particle packing
density.
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4.2.3 Effect of Deposition Time
Several investigations have shown that the rate of ZnO NP deposition utilizing the EPD
method is inversely related to time. The thickness increases more quickly during the first layer of
the ZnO deposit. It then begins to decrease until it reaches zero. Given the constant voltage of the
electrodes and the progressive creation of an insulating layer on the particles, this pattern is
consistent with what one would expect. The deposition rate, foam formation, and film thickness
must be considered when calculating the time required.
4.2.4 Growth Voltage
The voltage applied to the electrodes in a high surface charge scenario establishes the Zeta
potential. Varying the potential at the electrode plate to remain constant about the voltage supplied
to the electrodes has shown several intriguing characteristics, structures, and morphologies. As the
electrostatic force overpowers the liquid surface pressure of the target substrate, the electrostatic
pressure forces the particles and ions in the EPD solution to migrate[140, 151]. As a result, voltage
has a significant impact on induced electrophoretic deposition. The way the potential is used
substantially affects the moving particles. Typically, the deposit amount rises as the applied
potential rises. Although larger application fields allow powders to be placed more quickly, the
deposit quality may suffer[157]. Although increasing the applied voltage will coat target materials
faster, there are drawbacks such as turbulence in the EPD solution, the inability to form close-pack
structures, and the lateral motion of particles restricted to only deposited particles and not including
materials in the suspension, according to the literature[151, 158].
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CHAPTER 5. INSTRUMENTATION AND DESIGN OF EXPERIMENTAL
SETUP
The methodologies, materials, techniques, and characterization employed throughout the
pre-deposition and post-deposition stages are all demonstrated in this chapter. The materials
utilized and the sources from whence they originated are discussed in Section 5.1. Section 5.2
details the electrodes we used and the cleaning and handling of silicon substrates and steel
electrodes. Section 5.3 primarily discusses our EPD system architecture and the concentrations of
ZnO NPs in the EPD solutions we employed in our deposition experiment. The 3-AminopropylTriethoxysilane, also known as APTES, treatment procedures on various substrates are described
in Section 5.4. Then, we exhibit our microfabrication overview using the EPD technique to deposit
a ZnO NP layer on p-Si and p-Si/APTES substrates, as shown in Section 5.5. We demonstrate the
synthesizing and weight distribution of the EPD host solution in the Synthesizing EPD ZnO
Solution Section 5.6. Finally, Section 5.7 defines the characterization tools and the elements of
research that we have conducted.
5.1 Chemicals and Materials
Unless otherwise noted, All compounds were acquired from Sigma-Aldrich and utilized
without modification. EPD of the ZnO nanomaterial thin film was done using ZnO nanopowder
with a grain size of 50 nm (CAS # 1314-13-2) and an inherent dopant concentration of 5 x 1021
cm-3 [53], ethylene glycol C2H6O2 (CAS # 111-55-7), and nonionic surfactant Triton X-100 (CAS
# 9036-19-5).
____________________________________
Sections 5.1 until 5.6 of this chapter were previously published as Hazzazi, Fawwaz, Alex Young,
Christopher O’loughlin, and Theda Daniels-Race. "Fabrication of Zinc Oxide Nanoparticles Deposited on (3Aminopropyl) Triethoxysilane-Treated Silicon Substrates by an Optimized Voltage-Controlled Electrophoretic
Deposition and Their Application as Fluorescence-Based Sensors." Chemosensors 9, no. 1 (2020): 5. Copyright: ©
2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the
terms and conditions of the Creative Commons. Reprinted by permission of MDPI. https://www.mdpi.com/22279040/9/1/5
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The EPD setup for this work utilized steel electrodes and p-type boron-doped silicon
substrates with a doping concentration of 1 x 1019 cm-3 and an average resistivity of 1 x 10-2 to 2 x
10-2 Ohm-cm and orientation of (100) as obtained from ShinEtsu.co, Japan. The EPD process
began with the positive electrode connected to a steel substrate and the negative electrode
connected to a silicon substrate. The EPD ZnO NP surfaces and heterostructures were created
using common cleaning-room chemicals such as ethanol (C2H5OH), DI-water, and S1813
photoresist. We utilized nitric acid (HNO3), hydrochloric acid (HCl), and acetone for cleaning;
these products were acquired from Fisher Scientific [159].
5.2 Substrates and Electrodes Preparation
The electrophoretic deposition of ZnO NPs was done using a two-electrode system where
one electrode was steel, used as the anode and the other electrode was Si, used as the cathode, was
the target substrate (Figure 5.1) [138, 159]. The steel and Si used for electrodes in this work were
prepared via traditional cleaning steps for these materials, before any deposition of ZnO NPs, as
follows: For the Si, we began by extensively cleaning the substrates by sonication in an acetone
solution for 2 hours, followed by rinsing them in HCl and isopropyl alcohol (IPA). Substrates were
next soaked and washed in deionized (DI) water for 1 minute after being treated in a hot piranha
solution (H2SO4:H2O2) for 45 minutes to ensure that any organic material was removed.
Nitrogen gas was used to dry the Si substrates. For the steel, we bathed this metal in warm HNO3
for 10 minutes to eliminate impurities, followed by 10 minutes in warm KOH and a 20-minute
soak in DI water [159].
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Figure 5.1. (a) As-purchased ZnO nanopowder and (b) Cleaned silicon substrate and metal
electrode

5.3 EPD Setup
The apparatus can be seen in Figure 5.2. The electrophoretic method was utilized to deposit
unmodified ZnO nanoparticle solutions at 1%, 5%, and 10% by volume. The distance between the
steel and silicon sample(s) is 2 cm, and a voltage of 30V was supplied using a DC power source
(Applied Kilovolts, UK). The EPD solution was held in a 20 mL beaker (2), as numbered in Figure
5.2 The steel electrode (3) and Si substrate(s) (4) are immersed in the EPD solution (2) and linked
to a DC power supply (1). The substrate (3) is a steel plate heated to 200 °C by the thermocontrolled heater, and the frame (6) is a 3D-printed glass-filled polyamide with dimensions of 50
x 50 x 50 cm3 (6) [159].
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Figure 5.2. Schematic diagram of the EPD experimental set-up with numbers as shown for 1: DC
power supply, 2: EPD solution in a baker, 3: Steel electrode, 4: target deposited, 5: EPD frame
design, 6: EPD frame base, 7: depth length, 8: distance between electrodes.

5.4 Functionalization of Silicon Substrates by Using 3-Aminopropyl-Triethoxysilane
The surface functionalization technique on Si substrates was carried out using selfassembly of the APTES monolayer, which can improve adhesion by transforming hydrophobic
surfaces to hydrophilic [160, 161]. Current deposition techniques concentrate primarily on
immersion and spray coating, drop-casting, and sheet assembly processes for functionalized
substrates such as semiconductors. However, the repeatability of these approaches in terms of
deposition parameters, packing density, and deposit uniformity on the requisite surfaces remains
an issue that must be thoroughly addressed [162, 163]. The piranha method encourages it because
hydroxylation increases the surface hydroxyl groups (–OH) on silicon samples [159].
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After the hydrolysis of ethoxy (–C2H5) groups from APTES molecules, the second
silanization phase involves the hydrolysis of ethoxysilanes to produce silanols (Si–O–H). Once
hydrated, APTES silanols condense with surface silanols to create an APTES monolayer through
a lateral Si–O–Si (Si–O–Si) network. By analyzing the siloxane structure, we may determine that
the positively charged NH2 groups (–NH2) are positioned to cover the siloxane structure from the
silicon substrate (which is negatively charged)[164, 165].
Multiple research teams employ a method that is comparable in certain respects. In this
study, p-type silicon samples were submerged for 50 minutes in a 100 °C heated solution of
APTES and ethanol (volume ratio 1:4). The samples were then air-dried at room temperature for
one hour, followed by annealing in an electronics oven for 70 minutes [166-168]. Figure 5.3
exhibits Si substrate surfaces during two distinct periods of treatment. A new APTES layer has
developed on the substrate.
Figure 5.3 (b) illustrates that the hydroxylation process generates significant surface
hydroxyl groups (–OH) on p-type Si samples undergoing piranha treatment. Following this, the
subsequent stage of silanization comprises the hydrolysis of ethoxy (-C2H5) groups derived from
APTES molecules, which ultimately results in the creation of silanols (Si–O–H)[164].
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Figure 5.3. shows a comparison between a) clean bare- Si and b) APTES-treated silicon samples

5.5 Substrate Processing
Figure 5.4 depicts the deposition procedures for our ZnO NPs, including substrate cleaning,
surface treatment, and deposition. There are three primary fabrication steps presented. The
substrate selected for this study is p-type Si washed with acetone and piranha. Next, we
successfully functionalized the substrate on the left (sample A) by depositing a layer of APTES
using the immersion technique and an APTES solution heated to 80 °C. Sample B (on the right) is
a substrate cleaned as stated but not functionalized. As illustrated, the last processing stage for
both substrate samples was an EPD of ZnO NPs. Fabrication Processes of EPD of ZnO [159].
This Section covers the sample types examined for this research. As a result of the
fabrication techniques, we performed multiple EPD iterations and classified the process into three
primary sample sets, A, B, and C. (Table 5.1). Sample type A consists of ZnO nanoparticles on ptype substrates. Table 5.1 also indicates the types of characterization for each sample, to be
discussed later. In contrast, APTES was used to functionalize the set of samples designated as
Sample Type B. Furthermore, the C sample set shows that the EPD of ZnO NPs where a
lithography process was used to produce pn heterostructures, schematically outlined in Figure 7.1.
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Table 5.1. Set of samples used in this experiment
Sample
Type A

APTES treated sample
deposited ZnO NPs

Sample
Type B
Sample
Type C

with

SEM, AFM, UPS

Chapter 5 & 6

sample with deposited ZnO NPs

SEM, AFM, UPS

Chapter 5 & 6

pn heterojunction

SCS

Chapter 7

The fabrication steps for the set of samples A and B for ZnO NPs are shown in Figure 5.4,
beginning with substrate cleaning, surface preparation, and deposition. These images are
representative of repeated experimentation throughout the study. All substrates utilized in this
work are p-type Si, cleaned with acetone and piranha (details are provided in Section 5.3). We
dipped the silicon substrate in APTES at an 80 °C temperature.
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Figure 5.4. Fabrication processes of samples set A and B.

5.6 Synthesizing EPD Solution
ZnO nanoparticles were dispersed in a mixture containing 10% ethylene glycol, 10% X100 surfactant, 10% ethanol, and 70% deionized (DI) water, in which they were distributed by
volume. We avoided excessive heat to reduce the precipitation of ZnO NPs in the EPD solution.
We used a magnetic stirrer (200 rpm) to continuously stir the solution before and after use for EPD
to prevent clouding and agglomeration in the EPD solutions. Before each deposition cycle, the
sonication process lasts for two hours. This strategy was devised to achieve a more consistent
increase in deposition thickness [159]. In preparing the EPD solution, we used solvent
formulations to reduce the appearance of the so-called coffee-ring effect[169]. Because of surface
tension gradient-induced inward Marangoni flow [16], which may compensate for outward
39

convective flow in the presence of the solvent, a higher boiling point solvent with low surface
tension (such as ethylene glycol) aids in the development of a homogeneous deposit of
nanoparticles. García-Farrera [170] utilized this formula with slight modifications to the solution
volume and concentration and a longer stirring time, as shown in Figure 5.5.

Figure 5.5. Three different ZnO concentrations

5.7 Characterization of ZnO Nanostructures
This study employed several characterization techniques to evaluate the synthesis and
deposition systems under various NP formations, including ZnO NP concentration, underlaying
substrate, applied voltage, and voltage duration. The subsections below describe the types of
instrumentation used to accomplish the above tasks.
5.7.1 Scanning Electron Microscopy (SEM)
In the 1920s, scientists discovered that electron rays in a high vacuum functioned
identically to light: charged particles (electrons) also exhibit wave-like characteristics but
wavelengths around 100,000 times shorter than visible light. As a result of this discovery, scientists
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developed electron microscopy. Technicians of electron microscopy use electrostatic lenses to
concentrate electrons or ions accurately into a scanning beam. An electron or ion microscope can
visualize details as fine as 0.05 nanometers, which is four thousand times greater than the
resolution of a conventional microscope.
Electron microscopes use electrons similarly to how light microscopes image using visible
light. Unlike transmission electron microscopes (TEMs), which detect electrons passing through a
thin specimen, scanning electron microscopes (SEMs) produce images using electrons reflected or
knocked off the near-surface area. Because electrons have a significantly shorter wavelength than
light, their resolution is superior to a light microscope. In recent years, SEMs have evolved into
durable and dependable equipment for nanomaterial characterization as the size of materials used
in diverse applications decreases.
SEM gained significance when integrated circuit feature sizes decreased below the optical
diffraction limit. Nanostructures and the like fall well below this zone in contemporary
semiconducting material research, demanding the capacity to discern more minor characteristics.
When accelerated primary electrons collide with a sample, secondary electrons are produced.
These secondary electrons are captured by a positively charged electron detector, creating a threedimensional picture of the nanomaterial. The Abbe diffraction limit limits optical microscopes'
imaging capability (resolution). Although optical microscopes are widely used, easily accessible,
and suitable for imaging a diverse range of structures and organisms, the Abbe diffraction limit
places this limitation. [171].
The resolution limit is characterized by a specific distance that two structures can be
separated while still seeming to be two different things. Ernst Abbe [172] established that the
resolution limit is wavelength dependent. When the resolution of the magnified image surpasses a
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particular wavelength, the picture becomes blurred. Due to diffraction and interference, a light
point cannot be focused as a perfect dot. Rather than that, the image will have a bigger diameter
than the source, resembling a disk made of concentric rings of decreasing intensity. This is an Airy
disk. The primary wavefront contains around 84 % of the light energy, and the intensity of
secondary and tertiary wavefronts rapidly decreases as the order of the wavefront increases. The
radius of an Airy disk is generally defined as the distance between the first-order peak and the
first-order trough. The two objects may be distinguished from one another if the centers of their
prominent peaks are kept apart by a distance equal to the radius of the Airy disk. The mathematical
resolution description in a perfect optical system may be done using Abbe's equation.
𝜆

𝑑 = 0.612 𝑛 sin 𝛼

(5.1)

Where
𝑑 =resolution
𝜆 =wavelength of image radiation
n= the index of refraction of the medium between the point source and the lens, in
comparison to space
𝛼 =half the angle of the cone of light from the specimen plane accepted by the objective

The refractive index is denoted by n, while the half-tilted spot size is represented by 𝛼.
Therefore, with NA = 1 (the numerical aperture=1), we are restricted to R =𝛾/2 or half a
wavelength, and because the visible region is around 400–700 nm, the resolution limit is roughly
200 nm. Because the SEM is based on the deflection of electrons rather than the refraction and
convergence of visible light beams, the resolutions possible are substantially less (1 nm). The
operating voltage applied and the distance to the target are two critical elements of SEM. High
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applied voltage increases sample visibility, whereas reduced applied voltage decreases sample
penetration. The deposition depth is determined by the voltage supplied at a constant distance and
by the elements measured in atomic numbers. Due to the more significant number of particles that
might fight penetration, components with a high nuclear number repress it, whereas atoms with a
low atomic number do the reverse. SEM may generate pictures by detecting a variety of surface
interactions. They are listed in descending closeness to the electron beam: These interactions
include Auger electron interactions, secondary electron interactions, backscattered electron
interactions (BSE), characteristic x-ray interactions, cathodoluminescence-transmitted electrons,
and absorbed current, as shown in Figure 5.6.
Elastic scattering occurs due to electrons deflected by the specimen’s atomic nucleus or
outer shell electrons of comparable energy. Elastic scattering occurs when incident electrons
interact with the electrons and atoms in the sample, resulting in the primary beam electron
transferring significant energy to that atom. This type of interaction is characterized by minor
energy loss during the collision and a broad angle of the dispersed electron's directional change.
Backscattered (BSE) are incident electrons that are elastically distributed at an angle greater than
90 degrees and provide a valuable signal for imaging the material. The quantity of energy lost is
determined by whether the specimen electrons are excited singularly or collectively and by the
electron's binding energy to the atom. Secondary electrons (SE) are created when the specimen
electrons are stimulated during the ionization of the specimen atoms. Secondary electrons are often
defined as energies less than 50 eV and may be used to scan or investigate the sample. Along with
the signals used to create an image, an electron beam striking the target substrate produces a variety
of additional signals, including the emission of distinctive x-rays, Auger electrons, and
cathodoluminescence. The regions from which various signals are depicted are in Figure 5.6.
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In our research, the topography of EPD of ZnO NPs is obtained by secondary electron
signals, which precisely identify the beam's location. The secondary electron emission signal is
the most frequently employed signal created by the collision of the primary electron beam with
the target substrate. When the primary beam collides with the sample surface, ionized specimen
atoms are ionized, and loosely bound electrons are emitted, known as secondary electrons.
Secondary electrons are quickly drawn to a biased detector due to low energy. As a result, most
SEMs apply a bias (+10 kV) to the scintillator in addition to a lower bias (+300 V) applied to the
Faraday cage, which serves as a screen for the detector.

Figure 5.6. Multiple signals created by the electron beam–specimen interaction in the scanning
electron microscope are depicted, along with the sites from which the signals can be detected.

Using conductive substrates results in better resolution SEM pictures for deposited
nanomaterials since the conductivity of the EPD of ZnO NPs and the focus distance of the SEM
monitor images are additional considerations to consider when employing SEM. An electrostatic
charge may collect on highly conductive samples, resulting in a blurry photo, necessitating careful
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attention to generate a clear image. In this work, the effects of electrostatic charges on SEM
pictures may be reduced by altering the accelerating voltage; however, in others, a very thin (3
nm) coating of metal must be formed (e.g., gold). The thin layer application acts as a barrier
between the source and the deposition, preventing the charge buildup on the targeted sample.
Figure 5.7 illustrates a standard SEM configuration.

Figure 5.7. Standard SEM schematic diagram

5.7.2 Atomic Force Microscopy
Gerd Binning et al. devised the atomic force microscope in 1986 at IBM Zurich, building
on the 1981 STM (Scanning Tunneling Microscope). The creators were honored with the 1987
Nobel Prize in Physics. There are several scanning methods, such as atomic force microscopy
(AFM), in which a topographical picture of the specimen surface is created by the contact of a tip
and the sample surface. Gerd Binning theorized that it might be possible to find high-resolution
images using force assessments, which would allow the recording of insulating materials. The
force assessment technique would be preferable to using current-based sizing applications like the
STM, which would not allow imaging of insulating materials. A typical AFM consists of a

45

cantilever with a tiny tip (probe) at one end, a laser, a photodiode with four quadrants, and a
scanner. The surface characteristics can be investigated with high precision at resolutions ranging
from 100 nm to less than 1 nm. While the latter depends on conductive samples, the AFM can also
be used with non-conductive samples, as shown in Figure 5.8.
The atomic force microscope (AFM) operates according to the principle that a nanoscale
piezoelectric cantilever with an excellent tip (ranging in width from a single atom to several
nanometers) is migrated across the surface of a sample to generate topographical information about
the sample's patterns. AFM microscopes function by attaching an exceedingly sharp tip to a
micromachined silicon probe and then using the probe to sense the surface of whatever is being
seen. Although the approach changes significantly between operating modes, this tip is used to
photograph a sample by raster scanning across the surface line by line. The two basic operation
modes are classified as contact and dynamic or tapping. The cycle will repeat along the path of the
probe tip. The probe makes physical contact with the sample's repellent surface in the above-case
scenario. It is not necessary to make direct physical contact; the method described in the preceding
paragraph is referred to as "Contact Mode," and there are more ways of AFM that do not need a
direct physical layer to be present on the surface. The control circuitry employs extensive filtering
techniques because AFM is particularly susceptible to noise in its quantities, manifesting as flicker
noise and white noise in the output signal. These two more modes, which are known as "Close
Contact" and "Intermittent Contact," are subdivisions of the "Vibrational" (or "Oscillating") Mode.
The "Vibrational" mode is also known as the "Oscillating" mode.
Close-Contact Mode (CCM) requires positioning the probe tip at a distance from the
surface that is sufficient to prevent it from experiencing the repulsion of the tip from the surface
that is experienced in Contact Mode but at a space that is sufficient to allow the tip to experience
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the attractive forces that are exerted by the surface. The tip must have a high degree of rigidity to
vibrate in and out of this attracting field, which results in the phase shift discussed before. This
model is vulnerable to interactions with contaminant layers that may operate as a shield between
the substrate and the tip, with the contaminants interacting with the tip [173].In this work, we
utilized CCM to reduce the likelihood of sample or tip damage.
CCM improves imaging performance but creates a significant problem because data on the
contaminated layer must be known. The tip must be somewhat stiff and vibrate in and out of this
attractive charge field to generate the phase shift discussed in the previous paragraph. Under some
conditions, the probing tip can be vibrated within the contamination layer close to the surface, but
only if the user is aware. This approach is susceptible to interactions with contaminant layers,
which can function as a barrier between the substrate and the tip. Because the contaminants interact
more with the tip than the target material, surface imaging is impaired due to these
interactions[173].

Figure 5.8. Principle of Atomic Force Microscopy
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5.7.3 Fluorescence Spectroscopy (FS)
Fluorescence Spectroscopy (FS) is another technique commonly employed in investigating
semiconductors. FS's purpose is to characterize wavelengths of interest in the material, revealing
impurities' existence by analyzing the sample fluorescence. These peaks give information about
the material's possible recombination processes. An appealing benefit is that one can observe these
characteristics in a non-destructive manner.
Fluorescence is a phenomenon that occurs when a material (in this case, electrophoretically
deposited ZnO NPs) absorbs photons prompting the emission of other photons with a specific
frequency. The energy differential between the incident and emitted photons may also represent
molecular and thermal vibrations, referred to as Stokes energy [174]. The photon energy released
from ZnO nanoparticles is within the visual range, making it a reliable method for determining a
sample's energy levels, luminescence, and repeatable properties. The FS method is essentially nondestructive, and the light-based test of ZnO NPs can be stimulated repeatedly across a wide variety
of wavelengths [175].
The operative basis of the FS system is that an emission monochromator takes a spectrum
of wavelengths supplied by an (often Xenon) lamp and uses them to generate a single wavelength
of excitation that is incident on the sample. After being impacted by this excitation, the sample
absorbs the light, transforming the electrons into higher-energy states. When the stimulation stops,
the electrons will return to their lower energy levels, which will cause the emission of light at a
variety of different wavelengths. These wavelengths are sent to the emission monochromator,
which then sweeps through the wavelengths in increments of one wavelength before sending the
information to the detector.
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FS was a primary instrument used in this study to collect data. Fluorescence happens when
a substance absorbs photons, in this case, ZnO NPs, which results in the emission of another photon
with a particular frequency. Because the photon energy emitted by ZnO nanoparticles is visible, it
is a reliable approach for measuring the energy levels, luminescence, and reproducible qualities of
a material. The FS technique is non-destructive, and the ZnO NPs can be repeatedly stimulated at
a wide range of wavelengths. We previously examined the fluorescence spectra of ZnO
microparticles and nanoparticles in EPD solutions in the IR-visible and UV frequency ranges. As
the size of the nanoparticles decreased, this nanomaterial exhibited a small blue shift of
approximately 30 nm in both spectra. Since FS may be used on liquids, nanostructures, gel-based
materials, and other solids, we used this technique in this communication to investigate ZnO NPs
electrophoretically deposited on semiconductors, functionalized semiconductors, and metal
substrates. Additionally, we examined the influence of ZnO content changes in EPD
solutions[176].
The Fluorolog-3 Spectro fluorometer (FL-3)'s critical components are depicted in Figure
5.9. The first block is a Xenon lightning source that emits light between 200 and 800 nm and is
aimed at the second block (excitation monochromator). The wavelength of the Xenon lamp is
filtered by a double-grating monochromator, which produces a single wavelength of light that
impinges on the sample. The sample holder collects light in two modes throughout this procedure:
right angle (RA) mode for liquid samples used in Section 6.5.2 and front face (FF) for solid
samples. The front face mode was used since the ZnO NPs were deposited on substrates in Section
6.5.3. Following engagement with the sample, another emission monochromator collects and
filters the reflected wavelengths, supplying the signal to the detector. The detector sends a signal
to the controller, displaying the data to the computer user. The monochromators mentioned above
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can step through a broad range of wavelengths. A typical spectrum is created for a specific sample
by recording variations in observed light intensity as a function of wavelength. Additionally, the
excitation and emission band-pass filter slit widths were raised from 3 to 5 nm to improve FL
intensity, resolution, and signal-to-noise ratio while maintaining a low signal-to-noise ratio.
Numerous reports include additional information and setup instructions[177].

Figure 5.9. The schematic illustration of the Fluorolog-3 Spectro fluorometer shows the light
source (Xenon light), excitation

5.7.4 Raman Spectroscopy
Raman Spectroscopy (RS) analysis can be used to determine the compositional signature
(e.g., host material, impurities) of a semiconductor. It is a non-destructive technique that uses light
from a laser that operates in the visible or near-visible portion of the electromagnetic spectrum.
After passing through a monochromatic lens, the laser beam is directed incidentally onto the
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analyzed substance. The photons will then scatter in an inelastic manner, which will create
vibrations in the crystal lattice of the material. The photons will escape with the same amount of
energy, more or less than the incident beam. Thereafter, a notch filter with a band-rejecting
characteristic is applied to examine the required wavelengths in greater detail. For the Raman
technique to apply to a substance, the incident photons must modify the material's rotational or
vibrational state. As a result, the Raman intensity is proportional to the change in a rotational or
vibrational state induced by a photon with specific energy and wavelength. The difference is in
how the energy of the outgoing photon or the absence of energy defines a particular scattering
event. This type of scattering is known as "Rayleigh Scattering," It occurs when both the energy
and the wavelength are held constant. Anti-Stokes scattering occurs when the frequency of the
photon leaving is larger, whereas Stokes scattering occurs when the photon's frequency is lower.
The laser aperture in a standard RS setup may be modified so that a beam of varying
intensities can penetrate the lens. These intensities can range from very weak to very strong. The
beam is focused using an objective on the microscope, which is shone onto the specimen, as shown
in Figure 5.10. The scattered photons are sent back through the objective lens into a beam splitter.
The beam splitter sends the photons via a notch filter, and the photons with the correct frequency
shift are transmitted to the spectrometer through a diffraction grating.
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Figure 5.10. Schematic diagram of Raman spectrometer

5.7.5 Ultraviolet Photoelectron Spectroscopy Measurements
Ultraviolet Photoelectron Spectroscopy (UPS) is a powerful technique for studying the
electronic structure at the Fermi energy level, the valance band, and the type of atoms bonding in
chemical sensors. UPS analyzes elements' electron energy and bonding structures at a device's
surface. UPS may also estimate the density of states (DOS) of ZnO NPs deposited on a p-Si
substrate. This study obtained the work function experimentally, ∅𝑍𝑛𝑂 𝑁𝑃𝑠 , of the structural
electron property of electrophoretically deposited ZnO nanostructures. UPS may also check for
deposited materials and assess the effectiveness of deposition techniques.
This section was carried out at Louisiana State University's Center for Advanced
Microstructures and Devices (CAMD) using a 5-meter toroidal grating monochromator (5mTGM) beamline to explore the bandgap energy and the sample surfaces emissions in the ultraviolet
region. The instrument uses an omicron EA125 hemispherical electron energy analyzer with a
five-channel detector. The synchrotron beamline at CAMD is used with a photoemission
endstation. This instrument provides diverse analytical components for various applications,
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including electrical devices and surface science such as UPS, sputtering, annealing, and thin film
deposition. Several publications have characterized UPS [178]. We applied constant pulsed energy
of 10 eV, with a photon energy of 110.64 eV and a UHV of 10-10 µbar. For all experiments, the
incidence angle of 45o to the normal of the silicon substrate was utilized to capture UPS spectra,
as shown in Figure 5.11. When determining the binding energies of the ZnO NPs deposited on the
surface, the Fermi level of the gold foil in electrical contact with the sample is utilized as a
reference [178, 179].
Figure 5.11 shows the physical design of the UPS system. In the beamline side (A), we can
see (1) the beamline coming from the CAMD synchrotron, (2) the monochromator, and (b) shows
(3) the UPS analyzer, (4) the ultra-high vacuum modifier, (5) sample holder window, and (6) stage
position modifier. We used carbon tape to link the sample holder plate. The sample was briefly
exposed to the atmosphere while putting the specimen into the load lock.

Figure 5.11. Main parts of the LSU CAMD UPS system
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CHAPTER 6. DEPOSITION OF ZnO NANOSTRUCTURES VIA
ELECTROPHORETIC DEPOSITION
6.1 Introduction
Work of this nature is essential to progress toward the next generation of nanoscale devices
and systems. In this study, we adapted the EPD chemical solutions of ZnO precursors and then
utilized this newly produced material as we worked to develop smooth, flat microstructures and
surfaces with improved electrical properties and the least amount of elastic deformation. These
experiments targeted various aspects of electrophoretically deposited ZnO NPs on aluminum, ptype Si substrates, and APTES-treated Si substrates. For instance, we varied the magnitude of the
applied voltage, duration of the applied voltage, ZnO NP concentrations in EPD solution, particle
diameter sizes, underlying substrates, and substrates functionalization. SEM, AFM, fluorescence
spectroscopy (FS), Raman spectroscopy (RS), alpha step, 4-point probe, and UV photodetector
spectroscopy (UPS) were used to evaluate the surfaces and nanostructures. Chapter 5 discussed
the basic principles of operation for the equipment used in this study. This Section displays the
findings and interpretation of the data from this investigation.
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6.2 SEM Characterization of Deposited ZnO NPs
Field-emission scanning electron microscopy (FE-SEM) determined the size, surface
morphology, and topological characterization of the ZnO NPs produced on different p-type Si and
aluminum substrates. We performed a series of SEM measurements using a Hitachi S-4500 II Cold
Field Emission SEM instrument operating at a 15-30 kV accelerating voltage to demonstrate the
morphological features of the ZnO NPs films obtained before and after deposition of various ZnO
NPs (weight (2–10 %) of EPD) solutions and underlying substrates. This Section will present SEM
images of ZnO NPs deposited onto p-type Si sample sets A and B shown in Table 5.1 with a
thickness of approximately 90 nm and higher that were prepared using EPD suspensions. The SEM
images were captured at the same magnifications and resolutions, demonstrating that all
investigated films have a similar morphology: they are formed of a thicker layer of ZnO NPs and
completely cover silicon substrates.
The SEM images in Figures 6.1, 6.2, 6.3, and 6.4 demonstrate that morphological changes
were controlled throughout the fabrication process by the concentration of ZnO NPs in the EPD
solution. The topographic contrast in Figures 6.1, 6.2, 6.3, and 6.4 reveals significant-high relief
areas. Although Figure 6.1 shows a more uniform surface than Figures 6.2, 6.3, and 6.4, the
specimen has fewer deposited ZnO NPs. The SEM images in Figures 6.1, 6.2, 6.3, and 6.4
demonstrate that morphological changes were controlled throughout the fabrication process by the
concentration of ZnO NPs in the EPD solution. These images are representative of repeated
experimentation throughout the study. The topographic contrast in Figures 6.1, 6.2, 6.3, and 6.4
reveals significant high relief areas. Although Figure 6.1 shows a more uniform surface than
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Figures 6.2, 6.3, and 6.4, the specimen has fewer deposited ZnO NPs. Figure 6.3 also indicates
higher fractures and misorientation across boundaries associated with symmetrical twist
boundaries created by screw dislocations with two degrees of freedom around a horizontal axis
that runs out of the plane of the paper. On the surface of the 10% ZnO concentration (Figure 6.4),
a few larger clusters with diameters ranging from 100 nm to 300 nm and heights from 100 nm to
120 nm are randomly distributed[180].

Figure 6.1. SEM image of deposited ZnO NPs by using a 2% solution of ZnO NPs

Figure 6.2. SEM image of deposited ZnO NPs by using a 5% solution of ZnO NPs
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Figure 6.3. SEM image of deposited ZnO NPs by using an 8% solution of ZnO NPs

Figure 6.4. SEM image of deposited ZnO NPs by using a 10% solution of ZnO NPs

Figures 6.5, 6.6, and 6.7 illustrate the morphology of APTES-treated p-type Si substrates
with a 10% ZnO nanoparticle concentration and a 60 V applied voltage. The APTES-treated
specimen exhibits a more significant number of ZnO sphere-like nanoparticles with estimated
diameters up to 95 nm. In addition, we observed particle agglomeration, which produced surface
structures up to 980 nm (or slightly less than 1 µm).
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Figure 6.5. Silicon functionalized substrate with APTES

Figure 6.6. Spherical-shaped electrophoretically deposited ZnO NPs
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Figure 6.7. Spherical-shaped ZnO NPs

We detected less continuity and well-defined ZnO NPs on p-type Si substrates with
consistent height across the sample, indicating that APTES enhanced the SEM electron
conductivity of our samples, allowing us to view ZnO NPs on the nanoscale [181]. APTES
functionalization contributes to the topographical alteration of ZnO nanomaterials deposited on Si
substrates, transforming them from continuously produced surfaces with boundary dislocations to
uniform high, sphere-like nanoparticles. This transformation of the ZnO nanostructures from hard
continued surfaces with grain dislocations to sphere-like nanoparticles in the presence of APTES
can be attributed to factors including the surface chemistry interaction of APTES and the Si
substrates to improve the conductivity of our specimens [182]. The continuity can be elevated by
increasing EPD deposited cycles and higher concentrations of ZnO in the EPD solution.
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The SEM images in Figures 6.8 to 6.13 illustrate the influence of the underlying substrate
on the EPD of ZnO NPs and microscale structures. We observed that APTES-treated Si has the
higher weight of deposited ZnO NPs. Figures 6.11 and 6.12 show large clusters of ZnO NPs
deposited upon bare and APTES-functionalized Si substrates. The ZnO deposited in Figure 6.11
forms nanorod-shaped NPs well-covered upon bare silicon substrates. Spherical-shaped ZnO
nanoparticles are linked to functionalized silicon substrates, as shown in Figure 6.12. As predicted,
APTES treatment enhanced the visibility of ZnO NPs at higher magnification and the electron
scattering conductivity of the substrate Figure 6.13 illustrates the deposition of ZnO NPs on
aluminum substrates which appear as spheres with effectively nano rod-like spikes. The SEM
images in Figures 6.8 to 6.13 demonstrate that the underlying substrates influenced morphological
changes. SEM photographs of the ZnO nanostructures show excellent surface coverage,
homogeneity and packing density, and the absence of tiny fractures or random discontinuities in
the film structure on any substrate.

Figure 6.8. Deposited ZnO NPs on a bare silicon substrate
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Figure 6.9. Deposited ZnO NPs on APTES-treated substrate

Figure 6.10. Deposited ZnO NPs on an aluminum substrate
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Figure 6.11. Nanorods-shaped ZnO NPs (bare silicon)

Figure 6.12. Clusters of spherical-shaped ZnO NPs (APTES-Si)
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Figure 6.13. Nanothrones-shaped ZnO NPs (aluminum)

We also studied the influence of repeatable processes of EPD cycles, where each cycle was
run under the same voltage, time, and ambient conditions. The microfabricated ZnO NPs were
evaluated for controllable-thickness deposition. Sequential EPD depositions investigated the
profile thickness of ZnO NPs on p-type Si. Figures 6.14 and 6.15 show SEM images of the edge
of three deposited layers of three EPD cycles of 60 V, 10 minutes, at room temperature. This
horizontal cross-section exhibits the increasing film thickness, which can be controlled and
achieved through the EPD as mentioned above cycles. Ellipsometry† was employed to obtain
Figure 6.16, which shows that the average rise of ZnO NP film thickness between layer 1 and layer
2 was 142 nm, to provide additional insight into the effect of EPD parameters on the films. The

†

Ellipsometry, as a technique to measure material composition (inclusive of film thickness) is based upon
changes in the polarization of light incident to and then relected from the surface of a sample.
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multiple layers phenomenon can be attributed to the fact that the first EPD cycle does adhere well
to the substrate and proceeds with minimum overlapping between the two subsequently deposited
layers.

Figure 6.14. SEM images of repeatable processes of EPD cycles
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Figure 6.15. SEM images of repeatable processes of EPD cycles

Figure 6.16. Trace width shows two EPD cycles.
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6.3 AFM Characterization of Electrophoretically Deposited ZnO NPs
A Veeco Dimension 3100 atomic force microscope (AFM) was used to evaluate the
morphology and surface roughness of voltage-controlled EPD ZnO NP films. Several samples
were used to generate the AFM images, and the scanning area was standardized to be 1 x 2 cm.
The two-dimensional AFM and surface profile results presented in Figure 6.17 are of ZnO NPs
structures with varied applied voltage for silicon substrates. The results indicate that varying the
applied voltage during the deposition of the ZnO NPs significantly affects the morphology,
homogeneity, and roughness of the resultant nanostructures. The AFM trace (Figure 6.17) revealed
a ZnO grain structure with a restricted uniform distribution, a high roughness, and a high ZnO
concentration in the core region. The AFM surface profile was aligned with the blue line in the
picture in Figure 6.17 to demonstrate the substantial change in roughness between 62 nm and -24
nm across a 0 to 1 µm surface area. It is important to note that the negative sign of thickness level
indicates a hole (or valley) relative to the AFM-selected reference surface level.
However, on the AFM micrograph (Figure 6.18), we noticed a more uniform distribution
with fewer grains of a ZnO structure that is stable with a high-quality ZnO thin film nanostructure
with fewer irregular pinhole structures, a smooth and crack-free surface as has been pointed out in
the literature [183, 184]. The surface profile for the blue line in Figure 6.18 demonstrates a
successful uniformity rate for the EPD system with minimal granular structures, demonstrating the
effect of providing a higher voltage and employing functionalized silicon surfaces. The hole at the
surface area's edge (0.8 µm) reveals that the increased thickness caused by the 60V applied voltage
was, on average, 4 nm thicker.
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Figure 6.17. AFM image and surface profile

Figure 6.18. AFM image and surface profile (the blue line in SEM) of the ZnO thin films deposited
on APTES functionalized silicon with an applied voltage of 60 V

Figure 6.19 (a)–(f) illustrates three-dimensional pictures of EPD ZnO nanoparticles on ptype Si samples and the effect of various EPD voltages. When the applied EPD system voltage
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was raised from 5 to 100 V in the EPD solution, the average thickness of the thin layer on the ptype substrate rose. Additionally, as seen in Figure 6.19 (a)–(f), the surface's overall surface
thickness and smoothness increase when a greater voltage is given to a ZnO thin film. The surface
structure associated with 60 V (Figure 6.19 (c)) is smoother than the surface structure associated
with 10 V EPD applied voltage (Figure 6.19 (a)), with fewer grains and less ZnO NP
agglomeration. As the applied voltage rises, the grain size and thickness increase. Thus, increasing
the EPD applied voltage on the surface of ZnO NPs enhances the overall crystalline structure of
ZnO NPs deposited on a p-type Si substrate. The AFM study reveals that the increased uniformity
with applied voltage might result from an increased Zeta potential in the EPD setup, which results
in a greater diffusivity of ZnO particles in the EPD solution[138, 151]. The creation of a large
island structure in response to increased applied voltage might be owing to the coalescence of the
EPD ZnO NPs with the bipolar ZnO thin film. The effect of forming the heated APTES layer as a
functionalization surface layer on bare p-type Si substrates before depositing a ZnO layer is seen
in Figure 6.19 (d) and (e). We found that APTES-treated surfaces provide superior outcomes
regarding homogeneity, grain size, and controlled ZnO thickness. Increased grain size resulted in
the formation of island-shaped structures on the surface of thin structures on a p-type silicon
substrate, resulting in rougher surfaces. This type of materials response has been observed for ZnO
nanostructures synthesized by the sol-gel method and magnetron sputtering [185, 186].
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Figure 6.19. AFM three-dimensional thickness measurements of ZnO structures at various applied
voltages. Different voltages were used to deposit ZnO surfaces: (a) 10 volts, (b) 30 volts, (c) 60
volts, (d) APTES functionalized substrate at 10 V, (e) APTES functionalized substrate at 60 V, (d)
APTES functionalized substrate at 60 V and (f) surface profile of (d )

6.4 Effect of Voltage Duration on Film Thickness and Quantity by Weight
The weight and thickness of ZnO nanostructures deposited onto each substrate were
determined as a function of the applied voltage deposition time using an Alpha step surface
spectrophotometer. A Mettler Toledo ME403TE/00 Precision Balance was used to determine the
weight of electrophoretically deposited ZnO NPs. We measured substrate and EPD solution
weights before and after each deposition cycle to accomplish this task. Table 6.1 summarizes the
results of our thickness measurements. ZnO nanostructures varying in thickness from 93 to 158
nm and from 8.9 to 16.45 nm were produced utilizing deposition times ranging from 30 seconds

69

to 15 minutes. These findings suggest that the thickness of deposited ZnO NPs may be accurately
regulated by changing the deposition time on the target substrates.
Raising the duration of applied voltage results in a larger yield of formed ZnO
nanoparticles, as does treating substrates with APTES. When the applied voltage rose, we
deposited more significant quantities (weight in mg) of ZnO NPs, ranging from 4 mg with 10 V to
8 mg with 60 V. Additionally, and the APTES-treated substrate yielded more ZnO NP than nonAPTES-treated substrates.

Table 6.1. Thickness and weight study of deposited surfaces

Thickness Measurement

Weight Measurement

Type of
Substrate

Deposition
Thickness
(30 sec)

Deposition
Thickness
(15 min)

Total
Thickness
Increase

Substrate
Weight
Pre-EPD

Substrate
Weight
Post-EPD

Total Weight
Increase

Conductor
(Aluminum Foil)
Semiconductor
(Silicon)
APTES Silicon

142 nm

15.13 µm

14.988 µm

198 mg

204.8 mg

6.8 mg

93 nm

8.9 µm

8.807 µm

250 mg

254 mg

4 mg

158 nm

16.45 µm

16.292 µm

292 mg

300 mg

8 mg
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6.5 Fluorescence Spectroscopy of ZnO NPs Surfaces and Solutions
6.5.1 Introduction
The fluorescence spectroscopy (FS) observed emission of ZnO has garnered considerable
interest. The range of nanostructures generated from ZnO has stimulated many studies into the
temperature-dependent

properties

of

ZnO

nanoparticles,

nanorods,

nanothreads,

and

nanostructures, along with the impact of lattice orientation, doping concentration, and the selection
of the underlying substrate [52, 53, 187]. Nevertheless, to the best of our knowledge, little research
has been conducted on the effect of the EPD technique on ZnO NPs and the usage of functionalized
substrates on the fluorescence of ZnO nanoparticles (NPs). The majority of prior work has also
doped ZnO nanoparticles with nano organic compounds, utilized various deposition techniques,
and synthesized ZnO NPs using a variety of solvents. As previously stated, the functionalization
of silicon substrates can result in optical [188, 189] and magnetic states that are not present in other
substrates. This enables the use of ZnO films in the fields of light-emitting diodes (LED) [190],
photocatalysis [191, 192], and gas sensing [193]. This plethora of applications will benefit from a
better knowledge of how underlying substrates as a pre-growth processing technique can offer a
feasible ZnO nanoparticle modification and engineering approach.
ZnO shows distinctive fluorescence spectroscopic peaks. The first peak, found at 380 nm,
is caused by the formation of electron-hole pairs in the conduction and valance bands (exciton
recombination) [53, 194, 195]. Additionally, the second peak, found at 490 nm, is commonly
associated with the intensity of emissions from oxygen interstitial defect sites in ZnO lattice
structures [187, 194]. While fluorescence of ZnO has been extensively explored and many defectassociated emissions have been identified, some remain unknown. Multiple studies recalled many
wavelength peaks and suggested that the origins of those values, including green emission [196],
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correlate to oxygen or zinc vacancies at 530 nm. Orange emission occurs at 630 nm due to
interstitial oxygen [197, 198]; red-orange emission occurs at 730 nm due to the inclusion of carbon
nanotubes (CNTs) in ZnO [199].
Although photoluminescence (PL) is an essential optical tool for determining energy
emitted after applying light to a sample, in this work, we use a specific type of PL, fluorescence
spectroscopy, to study the light emission properties of ZnO NPs. ZnO nanoparticles emitting
distinct fluorescence colors under UV illumination are initially formed by changing the growth
conditions. Under UV excitation, the nanoparticles formed at room temperature exhibit green
fluorescence, but the ZnO NPs generated at room temperature using the ZnO nanostructure source
temperature emit blue fluorescence. After many days of exposure to ambient conditions, the rise
in fluorescence intensity persists. The high intensity indicates that the shift in fluorescence results
from a chemical reaction rather than the quick removal of surface-adsorbed alloy. Given that
visible-range fluorescence is attributed to defects in the ZnO lattice, this rise in fluorescence
indicates an increase in defect density. However, the exciton peak to defect peak ratio increases as
conductivity increases.
This Section will discuss two main experiments of fluorescence spectroscopy (FS) using a
Horiba Jobin-Yvon Fluorolog®-3 (FL-3) spectrofluorometer. The FL-3 is comprised of a 450 Watt
Xenon lamp source, an R928P photomultiplier tube (PMT) detector, and independent excitation
and emission spectrometers. First, we evaluated this experiment's emission and excitation
parameters, the Stokes shift, and the influence of ZnO particle sizes. Then, we investigated the
fluorescence emission of ZnO NPs surfaces on p-Si, APTES-treated p-Si, and an aluminum
substrate to see if the underlying effect on the fluorolog findings was significant. The sensitivity
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of ZnO NPs surfaces to the fluorolog excitation source was investigated and compared to that of
ZnO microparticle surfaces.
6.5.2 Fluorescence Spectra for Detecting ZnO Microparticles and Nanoparticles
We observed the influence of particle size on the FS of ZnO in DI water and the sensitivity
of the surface to the applied light source. Figure 6.20 depicts the normalization of the fluorescence
emission and excitation spectra of ZnO microparticles mixed with DI water using the Fluorolog®3 spectrofluorometer at a fixed excitation wavelength of 315 nm. The intense intensity emission
peak wavelength and the full width at half-maximum (FWHM) are 383 nm and 32 nm, respectively
(energy corresponding to 𝐸𝑃𝑒𝑎𝑘 𝜇𝑚 = 3.2 eV blue range). In addition, there were small UV deeplevel emissions with peaks at 355 nm (3.4925 eV) and 337 nm (3.679 eV). The wavelength of the
greatest intensity excitation peak is 312 nm (energy equivalent =3.9739 eV), while the full width
at half-maximum (FWHM) of the excitation spectrum is 43 nm. Fluorescence quantum yield
(FQY) of ZnO NPs immersed in H2O was determined by calculating the integral across the whole
emission spectrum (clean water). The following mathematical connection was used[200] :
∞

(6.1)

∅𝐹 = ∫ 𝐹𝜆𝑓 (λ)d λ
0

Where:
∅𝐹 : fluorescence quantum yield of ZnO
Fλf (λ): emission spectrum of ZnO obtained from the Fluorolog®-3 spectrofluorometer
system.
Researchers utilize ∅𝐹 to measure the fluorescence process's efficiency. Several strategies
have been proposed, including relative [201-208] and absolute [203, 209-211] measurement of
quantum yields ) and MATLAB [212] toolbox proposed by several researchers. We utilized
absolute measurement following the usual approach outlined in sample preparation and
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wavelength [207]. Figure 6.21's fluorescence spectrum (emission spectrum) depicts the emission
and excitation of ZnO NPs mixed with DI-water. Also, it depicts the likelihood of transitions from
the lowest energy level an electron may occupy when it obtains energy (photon or phonon) S1 to
various energy levels in the ground state (original position of an electron) S 0. This transition
demonstrates that the likelihood of an electron transiting between wavelengths and 383 nm
corresponds to 𝐸𝑁𝑃 = 3.24 eV. Using the Strokes shift, the energy lost by electrons during their
transition from the excited state (excitation spectrum) to the ground state (emission spectrum) is
calculated to be 0.7367 eV [213].
∞

(6.2)

∆𝜆𝑓 − 𝜆𝑎 = ∫ 𝐹𝜆𝑓 (λ)d λ
0

Where:
λf: the maximum wavelength of the fluorescence emission.
λa: the maximum wavelength of the absorbed spectrum.
We recreated the previous processes using ZnO NPs samples submerged in DI water (30 ml)
under the same conditions to evaluate particle size impact on the ZnO fluorescence spectrum.
Table 6.2 summarizes the emission and excitation spectra of micro and nano ZnO particle sizes.
The wavelength of the single strong intensity emission peak, the full width at half maximum
(FWHM), the fluorescence quantum yield, and the energy of the Stoke shift are, in order, 399 nm
(energy equal to E (Peak-ems-nano) corresponding to 3.1074 eV (blue range)), 60 nm, 0.5182 and 0.971
eV, respectively. The maximal excitation peak wavelength of ZnO NPs was measured to be 304
nm, and its full width at half maximum (FWHM) was 27 nm. This energy corresponded to E Peakext-nano

=4.0784 eV.
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Figure 6.20. Microparticles emission and excitation spectrum of ZnO[159]

Figure 6.21. ZnO NPs emission and excitation spectrum [159]
The following mechanisms were hypothesized to explain the observed ZnO NP
fluorescence emission. It has been reported that fluorescence emission with energy is more
significant than the bandgap. The ultraviolet emission at 399 nm (3.1eV) may be attributed to the
inter-band radiation sequence of electrons and holes created by photons. The energy of light
emitted by an electron is often equal to or slightly more than the energy of the direct bandgap
[214]. Other researchers deposited ZnO films onto a Si substrate using a sputtering method and
observed a 290 nm emission peak[214].
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We emphasized the differences in the waveform patterns of ZnO nanoparticles and
microparticles in Figures 6.22 and 6.23. Our findings are that smaller particle sizes of ZnO enhance
the amount of energy emitted during fluorescence transmission, reduce multiple peak emissions,
boost FQY efficiency, and need less excitation energy. In comparison, ZnO particles do not exhibit
significant deviations from the water emission peak; the possibilities of controlling peak emission
shifting and increasing fluorescence increase when ZnO is used. The results are in Table 6.2. show,
in general, a greater sensitivity of ZnO NPs in fluorescence spectroscopy detection, particularly in
the emission peak wavelength, fluorescence quantum yield, and Stoke’s shift, as compared to the
other ZnO microparticles, highlighting the role of ZnO particle sizes in attaining strong emission
and excitation spectrum.
When the fluorescence-based sensitivities of ZnO nanoparticles and ZnO microparticles
are compared, the results indicate that ZnO NP sensors have a slightly higher sensor response to
the fluorescence spectroscopy. The results also suggest that ZnO NP sensors have a slightly higher
peak wavelength emission, while ZnO microparticles (µPs) sensors have a marginally higher
emission energy (by 3.24 eV). A more remarkable Stokes shift was detected for ZnO NPs than for
ZnO µPs, as seen in Table 6.2.

Table 6.2. Summary of ZnO NPs fluorescence of EPD solution samples[159]
Emission
Point of study

Particles sizes

ZnO
nanoparticles
ZnO
microparticles

Excitation

Stoke
shift

Peak
Wavelength
(nm)

Energy
(eV)

FWHM
(nm)

FQY Peak
Wavelength
(nm)

Energy

FWH
(nm)

Enegry
(eV)

399

3.10

60

0.52 304

4.08

27

0.971

383

3.24

32

0.35 312

3.98

43

0.74
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Figure 6.22. ZnO NPs fluorescent emission contrast [159]

Figure 6.23. ZnO NPs normalized fluorescent emission contrast.
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6.5.3 Fluorescence Spectroscopy Characterization of Electrophoretically Deposited ZnO
Nanoparticles on Several Underlying Substrates
In the previous section, we investigated the fluorescence spectra, including excitation and
emission wavelength spectra of ZnO microparticles and nanoparticles on EPD solutions in the IRvisible and UV ranges [159]. Since FS may be utilized on liquids, nanostructures, gel-based, and
other solids, this dissertation research applied this approach in our investigation of ZnO NPs
electrophoretically deposited on semiconductors, functionalized semiconductors, and metal
substrates. Additionally, we investigated the effect of fluctuations in the ZnO content in EPD
solutions.
Here, we demonstrate in this Section that ZnO NPs may significantly increase the quality
of fluorescence emission when used as an electron source in a field emission experiment. The
fluorescent intensity emitted by these ZnO NPs in the visible light spectrum and the crystalline
quality of the NPs is boosted when the underlying substrate has greater conductivity. As mentioned
previously, we customized an EPD technique for depositing ZnO NPs onto several substrates,
synthesized the EPD solution, and characterized the resulting thin films based on excitation and
emission spectra. The present study focuses on the influence of the underlying substrates and the
fluorescence spectroscopy characterization of ZnO NP concentration in room temperature EPD
solutions.
Additionally, the FS emission of light with energy is more remarkable than the bandgap.
For instance, sputtering and pulsed laser deposition of ZnO films with 290 nm and 302 nm
wavelengths emissions were reported by Zhang et al. [214] and Ohshima et al. [215], respectively.
High-energy photoemission may be described in this work as a quasi-Fermi level shift in the
conduction band, which is consistent with ZnO being an inherently n-type semiconductor [66].
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The ZnO nanostructures employed in this work were created using the EPD system
described in (Section 5.3). On Si, APTES-Si, and Al substrates, ZnO NPs are deposited. The
resulting substrates are loaded as samples into a fluorescence spectrometer system. Fluorescence
spectroscopy is used to investigate the impact of the underlying substrates on the ZnO NPs. The
underlying substrates and the concentration of ZnO NPs in the EPD solution are used to compare
the deposited structures.
Before depositing ZnO nanoparticles on several distinct categories of substrates—metal
(Al), semiconductor (silicon), and functionalized silicon (APTES-Si)—a solution for the EPD of
ZnO nanoparticles was synthesized. The relative nano-size ranged between 50 and 100 nm of ZnO
NPs at concentrations ranging from 2% to 10% of the solvent EPD solution. Section 5.6 discusses
the sample preparation process in depth.
We created a monolayer of physisorbed aqueous ZnO nanostructures, and each substrate
was allowed to dry in the air and via a nitrogen gun. The literature demonstrates that the excitation
wavelength is selected at 330 nm because electrons are excited more strongly at this wavelength.
The spectrofluorometer apparatus utilized in this study was a Horiba Jobin-Yvon Fluorolog®-3
(FL-3).
The FS spectra of electrophoretically deposited ZnO NPs produced at concentrations of 2,
5, 8, and 10% of the volume of the EPD solution are shown in Figure 6.24. The monochromator's
excitation bandpass filter was adjusted to a 2-nm slit width, and samples were placed in the front
face mode to optimize FL intensity for solid samples, as previously described. The excitation
wavelength was adjusted to 330 nm for the silicon substrate set of samples, and comparisons were
made based on concentration fluctuation. This study revealed that when the concentration of ZnO
NPs in the EPD solution increased, the emission wavelengths stayed relatively constant, but the
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emission peaks' strength increased. Additionally, the emission spectra's full width half maximum
(FWHM) corresponds to broadband emissions between 400–600 nm, spanning a considerable
percentage of the visible spectral range. In Figure 6.25, a spectral separation of at least 50 nm is
observed between the excitation and first emission peak, which is caused by electron
recombination from the conduction band to the valence band [216]. However, a 215 nm spectral
separation is observed between the excitation and second emission peak, caused by nonstoichiometric oxygen vacancies and defects, clearly indicating the sample's interaction with the
incident photons provided by the FS [174]. Figure 6.24 shows that the fluorescent intensity
increases as the ZnO concentration increases. ZnO solution exhibits near bandgap emission at 382
nm due to electron recombination from the conduction band to the valence band and a broad
emission peak at 492 nm due to the oxygen vacancy and defects that are not stoichiometric [216218]. It is important to normalize all emission spectra with the bandgap emission at 382 nm with
direct bandgap and see how the defect-related band maxima at 492 nm vary in response to ZnO
NPs concentration variations.
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Figure 6.24. ZnO concentrations influence the FS emission spectrum [219]

Figure 6.25 illustrates emission peaks at 500, 505, and 520 nm caused by oxygen vacancies
and non-stoichiometric defects in Si, APTES-treated Si, and Au substrate samples. This research
reveals that a significant redshift occurs as the substrate material switches from semiconductor to
metal—increased substrate conductivity results in a somewhat longer wavelength (lower electron
energy). The 382 nm peaks also demonstrate this. Silicon samples treated with APTES exhibit
increased emission intensity, indicating that the surface's conductivity has been improved. Several
reports show silicon's conductivity and adhesiveness are improving with APTES functionalization
[220, 221].
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Figure 6.25. Influence of underlying substrate on the FS emission spectrum [219]

Generally, ZnO nanoparticles physisorbed to Al substrates may emit photons at longer
wavelengths than ZnO nanoparticles adsorbed to semiconductors such as silicon or functionalized
silicon substrates. This is because the adhesion and interaction of aluminum atoms with
electrophoretically produced ZnO NPs increase the oxygen defects in ZnO NPs, resulting in a shift
in emission to longer wavelengths with increased intensity. For our concentration fluctuations of
ZnO NPs in EPD solutions, the shift in emission wavelength and, thus, bandgap energy might
result from an interaction between the deposited ZnO NPs and silicon substrates during the
deposition process. The smaller concentration solution samples may facilitate such an exchange
[222, 223]. On the other hand, the APTES treatment of silicon substrates has a negligible effect on
the wavelength emission spectrum, the intensity of reflected fluorescence, and the width of the
bandgap[219].
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We observe the absence of significant differences between silicon and APTES-treated
silicon within the fluorescence spectroscopy results. Additionally, it is worth noting that
combining minimal aluminum incorporation with ZnO NPs can increase the defect density on the
ZnO NPs surface, resulting in increased emission intensity. As the concentration of ZnO NPs in
the EPD solution, and thus on the given substrate, increased, the subsequently measured FS
intensity increased. We observed the highest FS when the ZnO NPs were deposited upon Al of the
three types of substrates used in this work.
We explain that the latter found for the aforementioned result obtained for aluminum
substrates is due to radiative recombination between electrons confined to nanoparticles and holes
trapped at the aluminum quantum dot interface's shallow acceptor level [224, 225]. Regarding
future ZnO nanoparticle device applications, this increased FS emission suggests that the
excitation and emission of ZnO NPs adsorbed onto aluminum substrates should be further
investigated.
6.6

Resistivity Measurements
The resistivity of a component is a valuable parameter for assessing the performance of

new electrical devices. Several variables affect resistivity values, including the degree to which
nanopowders are dispersed in a solution and the shape of ZnO particles [226, 227]. The resistivity
of chosen samples was determined based on their excellent coverage, homogeneity, and flatness.
We utilized a four-point probe approach to determine the resistivity. In our case, we found that
ZnO NP resistivity varies between 10–50 Ω [228] without APTES treatment. Figure 6.26 confirms
the development of ZnO on Si substrates and demonstrates how resistivity decreases with applied
voltage.
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Figure 6.26. Resistivity and sheet resistance related to the applied voltage

6.7 The Density of States Measurement By UPS
As mentioned before in Chapter 5, ultraviolet photoelectron spectroscopy (UPS) may be
used to determine the energy distribution of ZnO NPs placed on a silicon substrate. Additionally,
this research used it to estimate the valence band maximum (VBM) and Fermi energy level (E F)
of ZnO NPs surfaces. UPS may also perform evaluations for the creation of deposited chemicals
and evaluate the deposition procedures' performance. This research used the 5-meter Toroidal
Grating Monochromator Surface Science End Station (5-m-TGMSSES), including an Omicron
EA-125 photoelectron analyzer for UPS low energy electron diffraction (LEED), sputtering, and
annealing, as well as a typical UV source. At Louisiana State University's Center for Advanced
Microstructures and Devices (CAMD) synchrotron radiation powers the beamlines. The main
chamber of the TGMSSES is set at 120 mA beam current, 45° angle of the sample to the applied
beam light, and 10-10 torr vacuum pressure. Several reports provide further technical
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information[178, 179]. It's important to note that the spectra are neither corrected nor normalized
since the UP-spectrum has a similar magnitude range of intensity.
Figure 6.27 depicts the reflected kinetic energy of the emitted electrons to vacuum energy
level from the ZnO nanostructures sample developed from an EPD solution for deposition on a ptype Si substrate. The legend to the figures indicates various excitations applied to the sample, and
each trace shows the photoelectron intensity of the emitted electrons at specific kinetic energies.
The survey spectra from 0 to 110 eV are averaged data of local areas on the substrate of ZnO NPs.
The results show peaks extending through the x-axis range of 40 to 60 eV. These peaks correspond
to the semiconductor property of deposited materials (ZnO NPs), switching from zero-intensity
steady-state to high-intensity peaks once the material's Fermi energy is exceeded[229].
Moreover, Figure 6.27 also shows that the three patterns of different excitation energy have
a significant degree of similarity across the kinetic energy spectrum. Two distinct peaks of each
excitation represent Zn3d and O2p and can be seen between 40 eV and 61 eV binding energy for
excitations of 70 eV and 65 eV, respectively. The Zn and O2 peaks in the 120 eV excitation energy,
on the other hand, are between 90 and 105 eV, which is consistent with the results [230]. The
photoelectron intensity peak at 28 eV kinetic energy corresponds to sample contaminations on the
surface that can be removed by sputtering neon gas to etch a thin layer from the sample.
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Figure 6.27. UPS of Deposited ZnO nanostructures

Figure 6.28 displays three intensity curves for three different excitation energies. The
difference between Figure 6.27 and 6.28 is that we sputtered neon gas on the sample to eliminate
any potential contamination before measuring intensity. We can observe that the two Zn3d and
O2p peaks merge into a single. Second, the photoelectron intensity of 28 eV is reduced, signifying
less contamination. The kinetic energy between 40 eV and 60 eV illustrates the contrast between
three excitations (120, 70, and 65 eV) under the EPD ZnO NPs structures range. We can also
observe that sputtering does not affect kinetic energy peak points.
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Figure 6.28. UPS results after etching the surface

Figure 6.29 illustrates the double sputtering of neon gas. Figures 6.28 and 6.29 depict two
rising peaks of ZnO NPs at kinetic energies of 49 eV and 65 eV, respectively. Peaks that are
reduced due to repeating deposition are associated with components other than ZnO NPs. The 5
eV change in excitation energy between 70 eV and 65 eV corresponds to a 10 eV shift in the
binding energy axis, as seen in Figure 6.29. The atomic concentration of Zn is higher than that of
O because argon ion sputtering of the ZnO substrate eliminates carbonic contamination and creates
oxygen vacancy on the ZnO surface. The results, as mentioned earlier, demonstrate that sputtering
may help address some of the contamination problems associated with typical lab fabrication
processes and improve the sensing properties of ZnO nanostructures.
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Figure 6.29. UPS after 2nd etching of the surface

This research also examines several critical factors that influence the semiconductor type
of dopant, Fermi level, valance band maximum, work function, and bandgap parameters. When
the binding energy is zero, the kinetic energy is at its peak. As shown in Figure 6.30, based on the
experimental setup, the binding zero scenarios occur at the maximum depth of the ZnO NPs layer,
at which UV light may be used to emit electrons from the samples. This assessment point is critical
since it aids in determining the value of the work function. When electron energy of ℎ𝑣 impinges
upon ZnO nanostructures samples, all electrons expelled from the surfaces have the minimum
energy necessary for electron release (∅𝑍𝑛𝑂 𝑁𝑃𝑠 ), binding energy (𝐸𝐵 ), and kinetic energy (𝐸𝑘.𝐵 ).
The conservation of energy law in the UPS experiment is given by:
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ℎ𝑣 = 𝐸𝐵 + 𝐸𝑘.𝐵 + ∅𝑍𝑛𝑂 𝑁𝑃𝑠

(6.3)

Assuming that under the highest binding energy possible, 𝐸𝑘.𝐸 = 0 𝑒𝑉
ℎ𝑣 = 𝐸𝐵 + ∅𝑍𝑛𝑂 𝑁𝑃𝑠
Since we know the 𝐸𝐵 from the UPS measurement, we can find ∅𝑍𝑛𝑂 𝑁𝑃𝑠 . From Figure
6.30, the work function of the ZnO NPs, which is obtained from the reference gold work function
(𝜙𝐴𝑢 ) attached to the sample. The experimental set-up required using a reference sample; in our
case, we chose gold as a reference work function and connected it to our electrophoretically
deposited ZnO NPs samples. Knowing that the 𝜙𝐴𝑢 = 5.35 𝑒𝑉
∅𝑍𝑛𝑂 𝑁𝑃𝑠 can be calculated by:
∅𝑍𝑛𝑂 𝑁𝑃𝑠 + 𝜙𝐴𝑢 = 10.3

(4)

∅𝑍𝑛𝑂 𝑁𝑃𝑠 = 10.32 − 5.35 = 4.973 𝑒𝑉
The evaluation of the spectra yielded work function values of 4.97 eV for the EPD ZnO
NPs surfaces from the UPS spectrum. This method of finding the work function is described in
several reports [230-234].
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Figure 6.30. The work function of ZnO NPs by using UPS

The binding energy measurement of the valence band maximum energy is shown on the
right side of Figure 6.31. The data obtained from the baseline intersection to the linear extension
of the cut-off zone determines the valance band maximum (VBM) energy (EVBM). The point of
intersection is 3.2 eV, which is the distance between the Fermi level and the VBM. This method
of finding valance band energy level is used in several reports[232, 235] [233]. The valence band
maximum of the ZnO NPs sample (VBM) is approximately 3.2 eV, as shown in Figure 6.31.
Additionally, the intensity increases from the sample in the higher range (35–45 eV binding energy
). That increase is associated with absorbed water and hydrocarbons, reduces the peaks between
the 10 and 15 eV binding energy range, and is associated with ZnO NPs that are attributed to Zn3d
(11 eV), Zn 4s-O2p (9 eV), and O2p (4.5 eV) associated photoelectron states which is consistent
with the density of states found by several reports [236] [234].

90

Figure 6.31. Valance band maximum (VBM) of ZnO NPs by using UPS
We obtain several bandgap parameters using UPS to construct the bandgap diagram, as
shown in Figure 6.32. We used the Fermi level EF, valance band maximum (EVBM), and work
function of ZnO NPs from UPs Figures. Then, given that Eg=3.37 eV [237, 238], we can draw the
schematic diagram of ZnO NPs. We can also use Figure 6.31 to find the electron affinity value of
the electrophoretically deposited ZnO NPs samples. Table 6.3 compares the results and
methodologies between our results and other research groups. After comparing these results with
other rports[239, 240], the electron affinity (𝜒𝑍𝑛𝑂 ) can be obtained from the schematic energy
bandgap diagram, Figure 6.32.
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Figure 6.32. Bandgap schematic diagram of n-ZnO/p-Si heterostructures

Table 6.3. Summary of UPS characterizations results and literature comparison
ZnO parameter

Testing Technique

Obtain

Work function

UPS

4.97

Valance band Energy

UPS

3.2

Electron affinity

Calculated

4.8

Literature Using similar
Technique
3.7-5.5

Source
[230, 231, 234, 235]

2.8-3.3

[230, 234]

3.9-5

[239, 240]}

Differences between this study and previous investigations [234, 241] are that this work
takes into account more of the fundamental elements of synthesis and fabrication—e.g., the EPD
solution itself, simplified but effective fabrication steps, and a wider range of characterization of
even the non-optimized materials structures—before transitioning to a focus on device behavior.
It is on this note that the data generated from one final characterization technique is presented in
the next section.
6.8 Raman Spectroscopy
A series of Raman spectroscopy experiments investigated the spectrum characteristics of
electrophoretically synthesized ZnO NPs. LabRAM spectrometer (HORIBA Scientific, 3880 Park
Avenue, Edison, New Jersey) with 50, 0.55 numerical aperture (NA) microscope objectives at a
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wavelength of 633 nm was used to detect the Raman spectra in this study. The incident light was
focused onto the surface using electrophoretically deposited ZnO nano-particles on aluminum,
silicon, and APTES-treated Si samples. The scan was carried out at wavenumbers ranging from
250 to 600 cm-1. ZnO nanostructures grown with dispersed ZnO NPs solutions exhibited vital
Raman spectra of ZnO in response to laser stimulation for each kind of substrate. We utilized
samples that had undergone the EPD procedure for less than 30 minutes and 100 volts. The Raman
spectra of deposited ZnO nanostructures on p-Si, APTES-functionalized Si, and aluminum foil
samples are shown in Figure 6.33 (a–c). Figure 6.33 (a) verifies ZnO's O-rich state since the
𝐻𝑖𝑔ℎ

intensity of 𝐸2

high is greater than or similar to that of A1(LO) modes emerging at 437 cm -1
𝐻𝑖𝑔ℎ

and 577 cm-1. The intensity of 𝐸2

is larger modes arising at 437 cm-1 and 577 cm-1 in Figure

6.33 (a), which demonstrates ZnO's O-rich state [242]. Multiple observations indicated that Zn
interstitials create the vibrational mode at 273 cm-1. As shown by the spectrum, the E2 (high mode)
Raman mode of ZnO NP structures arises at 437 cm-1, which is often related to oxygen vibration
[243]. Additional peaks at 512 cm-1 correspond to the silicon substrate. As illustrated in Figure
6.33 (b), the APTES functionalized silicon substrate exhibits similar Raman behavior, with slightly
new peaks between 325 and 375 cm-1, indicating that treating substrates with APTES improves
deposition thickness and yields but also adds peaks between 325 and 375 cm-1. APTES
functionalization, on the other hand, has no influence on the structural modes of the nanomaterials
deposited. Figure 33 (c) illustrates the Raman analysis of deposited ZnO NPs on aluminum. At
437 cm-1and 577cm-1, we can differentiate the resulting E2 (high mode) and A1 (low mode),
comparable to silicon samples. [244]. These results indicate that alterations in the substrate had no
influence on the ZnO nanostructures' structural modes or chemical composition, nor did they alter
the vibrational nature of the deposited nanoparticles.
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Figure 6.33. Raman Spectroscopy of deposited ZnO NPs on (a)bare silicon, (b)APTES treated
silicon, and aluminum substrates.
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6.9 Conclusion
This work examines the EPD technique and suspension of ZnO NPs for improved
adhesion, coverage, and morphology on silicon substrates. This effort includes exploring the EPD
of ZnO nanoparticles produced and developed at ambient temperature on silicon, functionalized
silicon, and aluminum substrates (EPD). This experimental work includes EPD optimization for
ZnO NPs, EPD solution synthesis, surface architectures, and electrical characterizations. Scanning
Electron Microscopy (SEM), Raman Spectroscopy (RS), Ultraviolent Photoelectron Spectroscopy
(UPS), Atomic Force Microscopy (AFM), and Fluorescence Spectroscopy (FS). This research
optimized the synthesis process and EPD parameters based on observed deposited films.
ZnO nanoparticles (NPs) can be deposited successfully using a system of electrophoretic
deposition, a synthetic organic solvent as the EPD solution, and then the NPs fluorescence-based
sensors to detect ZnO particle sizes. The fluorescence properties of the ZnO NPs and
microparticles mixed with DI water significantly impact the energy emission for fluorescence
transmission, reduce multiple peak emissions, increase FQY efficiency, and use less excitation
energy. This research was conducted by synthesizing EPD solvents, microfabricating samples,
functionalizing substrates, characterizing with a fluorolog (FL-3) and atomic force microscopy,
and finally detecting particle sizes using fluorescence spectroscopy.
Therefore, compared to other EPD solutions, the ZnO NP surfaces that we created by, in
part, a solvent with less surface tension (e.g., ethylene glycol) have reasonably reproducible grain
size, stronger fluorescence emission transmittance associated with tiny particle size, and superior
crystallite quality. On the overall morphology, coverage, thickness, and flatness of deposited
nanostructures, it was discovered that the applied voltage, ZnO concentration, and APTES-treated
substrates had a significant impact. We noticed that surfaces treated with APTES produced
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superior outcomes regarding homogeneity, grain size, and ZnO thickness control. We
demonstrated that raising the EPD applied voltage can enhance the ZnO NP nanostructures'
coverage, adhesion, and uniformity.
Here, we showed that the resistance and sheet resistance decreased after depositing ZnO
with increasing applied EPD voltage. The weight of deposited ZnO per cycle increases with
increasing applied voltage.
The Raman spectroscopy portion of the study revealed E2 (high) at 438 cm-1 on both the
silicon and aluminum substrates, indicating success in the EPD of ZnO NPs. We studied
photoelectron emission using UPS to learn about the electron intensity and binding energy
spectrum under various excitation energies. The obtained work function and the valence band of
the ZnO NPs structures are 3.61 and 3.43, respectively. We also investigated the impact of repeated
neon gas sputtering to remove oxygen and hydrogen, which enhanced the intensity of ZnO peaks
while reducing contaminant peaks.
Regarding adhesion, homogeneity, and surface roughness, APTES-functionalized silicon
surfaces exhibit superior performance with EPD of ZnO NPs compared to non-functionalized
substrates. We utilized the fluorescence characteristics to differentiate and detect the ZnO particle
sizes. The ZnO particle size has a significant effect on energy emission. The study findings can
facilitate the incorporation of EPD of ZnO NPs into the microfabrication of sensors, materials for
electronic applications, and thin-film transistors (TFTs), where ZnO NPs improve reliability and
affordability and increase the sensitivity required for the next generation of nanoscale devices and
systems.
The current work demonstrates the interaction of ZnO NPs with underlying substrates and
the concentration of ZnO NPs in EPD solutions. The fluorescence (FS) spectra of
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electrophoretically deposited ZnO nanoparticles (NPs) on semiconductor (silicon), 3Aminopropyl-Triethoxysilane functionalized semiconductors (APTES-Si), and metal (Al)
substrates were analyzed to determine their suitability for usage in ZnO NPs optoelectronic
devices. In light of the detailed analysis, ZnO NPs emitting visible light may be envisioned as a
novel fluorescence platform for studying substrate influences via surface defects. The ZnO
concentration was tuned to 10% of the volume of the EPD solution. Notably, the impact of ZnO
concentration increases the fluorescence intensity to produce the optimum outcome. The
maximum FS emission intensity was observed when ZnO NPs were deposited on aluminum,
indicating that ZnO NPs might be integrated into next-generation device technology. The physical
investigation of ZnO NPs properties utilizing fluorescent spectroscopic techniques provided in this
work opens a new frontier for understanding the interplay between underlying substrates and the
effect of NP concentration in the electrophoretic solution used for ZnO NPs deposition.
Even though we have successfully synthesized ZnO NPs on Si substrates, as demonstrated
by Raman spectroscopy, the thickness in the 10 µm range is restricted. We require a thicker pn
heterojunction for some device applications. We can increase the applied voltage for a limited time
to obtain a higher thickness of ZnO structures because the deposition rate has an inverse proportion
relationship with time. We also can increase the concentration of ZnO nanopowder in the EPD
suspension.
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CHAPTER 7. APPLICATION OF ELECTROPHORETIC DEPOSITION
OF ZnO NPs IN THE FABRICATION OF P-N HETEROJUNCTIONS
7.1 Introduction
This work examines several aspects of electrophoretically deposited ZnO nanoparticles on
p-Si substrates to evaluate their surfaces and determine their feasibility for integration with existing
Si and compound semiconductor (e.g., GaN) processing. Thus, as a step in this direction, we
fabricated a pn heterostructure of p-Si and inherently n-type ZnO NP. Although our p-Si/ZnO NP
structure is more of a proof-of-principle structure, lighting device applications of ZnO have been
covered in several reports[79]. Such reports recommended that further study on ZnO is
necessary[79, 245].
PN heterojunctions are a critical component of transistors in almost all modern
semiconductor devices. As a result, the quality of a heterostructure is frequently a strong indicator
of semiconductors’ propensity for device performance. The performance of heterostructures is
usually affected by impurities tied to the formation of defect states in the energy bandgap of
semiconductors. Defect states are deviations from the theoretically perfect behavior of a junction.
The connection between quality and efficiency is even more observable in photovoltaic (PV)
applications than in others. In this study, as we have extensively characterized materials, we now
examine ZnO NPs as they are integrated into a basic pn junction.
7.2 Fabrication Process for the P-N Heterojunction
Figure 7.1 depicts the schematic architecture of the devices that we have built. The device's
active layer (yellow layer) is a thin film of ZnO NPs, synthesized from the EPD solution,
sandwiched between the p-type Si substrate and aluminum thin-film contacts. All structures were
fabricated using instrumentation available in Louisiana State University’s Electronic Materials &
Devices Laboratory (EMDL). Figure 7.1 shows significant steps taken during the fabrication
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processes. We started by following the standard cleaning processes described in Section 5.2 to
assure the adhesion of the photoresist to the substrate by removing contamination and dehydrating
the ZnO NPs structures. Next, a dehydration bake at 280°C for 45 minutes was used to remove
water from the substrate surface. The substrate is allowed to cool before being covered as quickly
as was feasible to reduce water reabsorption in the room temperature environment. Dehydration
may also be used to get rid of volatile organic contamination. In Figure 7.1, part B, we deposit
ZnO NPs of the synthesized EPD solution (described in Section 5.6) as was developed for our EPD
system (described in Section 5.3) under 60, 100, and 200 V for 30 minutes at room temperature.
To assure uniform photoresist deposition, we controlled the thickness of the deposited photoresist
by using a spin coater with S1813 positive photoresist at 1000 rpm for 5 minutes. A post-bake
procedure followed these steps at 50 °C to solidify the resist. This step is critical because it removes
the solvent from the resist layer, improves adhesion, reduces film thickness, and reduces
contaminants, making it suitable for research and industry-clean rooms. We applied
photolithography UV light using a mask (contact printing) to obtain Figure 7.1 (D) results. We
used a metal deposition system in the LSU EMDL to add a layer of aluminum on the top of the
patterned photoresist. Finally, we utilized wet striping (acetone) to remove the undesired resist
layer on top (part F). A photo of the physical results can be seen in Figure 7.2
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Figure 7.1. The fabrication process for the p-Si/ZnO NP heterojunctions

Figure 7.2. a) Sample after depositing two layers of aluminum (aluminum contact), b) Two
samples (with and without APTES functionalization treatment) were spin-coated with photoresist
S1813.
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7.3 Current-Voltage (I-V) Characteristics of the ZnO P-N Junction
A monolayer of ZnO nanoparticles can form (theoretically) ideal pn junction diodes.
Defect states come into play regarding deviations from a diode's theoretically ideal behavior.
Two types of charge carriers, electrons and holes contribute to the conductivity process in a pn
junction. These charge carriers may probe a broad spectrum of defect energy levels depending
upon operating conditions (e.g., temperature, applied bias, susceptibility to photonic excitation)
and the heterojunction materials themselves.
Using the semiconductor characterization system (SCS) and Atlas DCA Pro analyzer, we
investigated the current-voltage (I–V) characteristics of n-ZnO NPs/pSi-based heterojunctions in
the voltage range of -1 to 2 V. The dimensions of the sample utilized in this research are 80 mm x
80 mm x 55 um. (L x W x T). The experiment was carried out according to the schematic design
in Figure 7.3. The I-V characteristics of the n-ZnO NPs/p-Si heterojunction obtained
experimentally are shown in Figure. 7.4. The green lines represent the averaged experimental data
we utilized to determine the voltage threshold of the n-ZnO NPs/p-Si heterojunction in the figure.
Also, we can see that the log scale of the y-axis aids in making such small values and sudden
current increases apparent before turning on. We obtained the experimental data similar to several
reports [126, 190, 246].
The voltage threshold Vth of the heterojunction, as shown in Figure 7.4, is 0.59 eV, which
is in the same range as[126, 190]. We also may calculate reverse saturation current I0 by using the
formula:
𝐼0 = 𝐴(0.27𝑚0 )𝑇 2 exp(

−𝑞(𝑉𝑡ℎ )
𝑘𝑇

)

(7.1)

A is an area of contact, 0.27mo is the effective mass ZnO, T is temperature, and kT/q is the
thermal voltage. From these calculations and under room temperature, the reverse saturation
current of this junction is Io=8.91 nA.
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From the previous experimental values, the I-V characteristic equation will be modeled on
the following equation:
−𝑞𝑉

𝐼 = 𝐼0 [exp ( 𝜂𝑘𝑇 ) − 1]

(7.2)

Where η is the ideality factor.

Figure 7.3. The schematic diagram for the n-ZnO NPs/Si PN heterojunction

Figure 7.4. The linear scale of n-ZnO NPs/p-Si heterojunction I-V characteristics

102

The rectification behavior of these devices was seen in the I-V characterization
measurements. Based on the thermionic emission model, the ideality factor of the four pn
heterojunctions fabricated for this work was 1.3-2.4 at ambient temperature. This value range is
likely due to inhomogeneity between the ZnO NPs interface layer and the deposited aluminum
electrodes, as fabricated to obtain Figure 7.4 and 7.5 [52, 247]. A high ideality factor can be
attributed to several factors, including faster recombination of electrons and holes in the depletion
area[248, 249], and the existence of an interfacial layer[250]. The high ideality factor of our
structures implies that thermionic emission cannot adequately characterize the transport
characteristics of these junctions. Finally, the log scale in Figure 7.5 can be divided into two major
regions that, in turn, correspond to switching on and off regions of the fabricated heterojunction
devices. The first region is the square power area (off region), with a voltage around zero. The
forward biased area (on region) is the second region. This curve suggests a reliance on the spacecharged-restricted current mechanism, which has been discussed in several studies[251-253].
Comparing the schematic diagram of the circuit hardware connections given in Figure 7.3
and the I-V characteristics in Figures 7.4 and 7.5, we can draw the equivalent circuit of the pn
heterojunction tested, as shown in Figure 7.6. The resistance (rd) represents the total power losses
due to passing a current through the pn heterostructures or the diode resistance.
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Figure 7.5. n-ZnO/p-Si heterostructures y-axis log scale.

7.4 Static Resistance of Forward-Biased n-ZnO /p-Si Heterojunctions
When semiconductor devices with pn junctions are employed in linear circuits, for
example, triangular signals are placed on the DC and voltages such that the small-signal properties
of the pn junction become significant. This section will focus on parameters obtained from the IV characteristics curves, such as the diffusion resistance and conductance statistically and
dynamically. Firstly, we will start with the statistical resistance and conductance (rdc and gdc) given
the Figure 7.6; we can calculate the statistical parameters by using:
𝑟𝑑𝑐 =

𝑉𝐷
𝐼𝐷

= 11.8 𝑀Ω when the current passing is 𝐼𝑑𝑐 = 5 × 10−8 𝐴

(7.3)

VD is the voltage on any point on the I-V curve, and ID is the current passing through the
circuit at the same voltage point.
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Given the equation 7.2, where we determine the current passing through the pn junction
sample fabricated, we can evaluate the gd by using the following relationship: via the reciprocal
of the resistance, we find the statistic conductivity in the equation above. At the same point on the
current axis, we found that the conductivity of the fabricated heterojunction is:
1

𝑔𝑑𝑐 = 𝑟

𝑑𝑐

= 850 µS when the current passing is 𝐼𝑑𝑐 = 5 × 10−8 𝐴

(7.4)

The heterojunction's low conductivity or high resistivity represents a challenge in
depositing ZnO NPs using electrophoretic deposition. Based on several testing samples, we saw
that increasing the thickness of the ZnO NPs layer can alleviate the heterojunction resistance, as
shown in Section 6.6.

Figure 7.6. The equivalent circuit of the pn heterostructure tested.

7.5 Small Signal Model of the P-N Junction
The Ideal Diode Equation equation of the pn heterojunction was given by equation 7.4. If
we assume that we are in the forward-biased reign with constant applied voltage and that applied
voltage is producing IDQ current and we used a minor sinusoidal frequency, Then a small variation
of current will be observed. The ratio between the small changes in the applied voltage to the
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recorded changes in the current axis is called incremental and diffusion resistance. The incremental
conductance can be calculated by using:
𝑑𝐼

gd= 𝑑𝑉𝐷 𝑤ℎ𝑒𝑟𝑒 𝑉𝑎 = 𝑉𝑜

(7.5)

𝑎

Also, we can calculate the diffusion resistivity by using:
r𝑑 = 𝐼

𝑉𝑡

(7.6)

𝐷𝑄

Vt is the thermal voltage of 26 mV, and IDQ is the current passing through the circuit when
the applied voltage is equal to the voltage threshold.
Figure 7.7 shows the required parameters to calculate the diffusion parameters of the
proposed heterojunction. The diffusion conductance increases as the bias current increases and is
directly proportional to the slope of the current-voltage characteristics of n-ZnO NPs/p-Si
heterojunction

Figure 7.7. The curve showing the n-ZnO/p-Si concept of the diffusion resistance
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7.6 Conclusion
In this section, pn heterojunctions were effectively fabricated by optimizing the EPD of
ZnO nanoparticles. We demonstrated the sequence of depositions and lithography processes to
accomplish the EPD. The I-V characteristics of pn junctions consisting of n-ZnO/p-Si were
evaluated, yielding an experimental Vth of 0.59 V, consistent with the literature demonstrating
rectifying diode behavior. The actual connections of the I-V experiment are transformed into an
equivalent circuit consisting of a diode, voltage source, and resistance.
The fabrication process for a pn heterojunction formed by naturally n-type ZnO
nanoparticles on p-type Si begins with substrate cleaning, EPD of ZnO NPs, spin coating
photoresist, optical lithography, depositing electrodes, and removing the photoresist. We also
studied the influence of ZnO NPs concentration, multiple EPDs of ZnO NPs onto two different
types of substrates, and I-V characterizations.
Several parameters of the projected heterojunction, including static resistance and
conductance, were determined. The small-signal model was used to compute the dynamic
resistance (diffusion resistance) under a minor fluctuation in applied voltage. As the bias current
increases, the diffusion conductance is directly proportional to the slope of the current-voltage
characteristics of n-ZnO/p-Si heterojunction.
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CHAPTER 8. SUMMARY AND SUGGESTIONS FOR FURTHER
RESEARCH ON THIS TOPIC
8.1 Summary of Findings from The Study
The increased interest in implementing ZnO NPs into today's state-of-the-art electronics,
such as tunnel field-effect transistors (TFET), single-electron transistors (SET), fin field-effect
transistors (FinFET), and nonporous electrodes for energy applications, has sparked extensive ZnO
nanostructures research. Electrophoretic deposition (EPD) has been studied recently as a costeffective and adaptable solution-based coating approach for the fabrication of thin and thick ZnO
NP surfaces on largely unfunctionalized substrates. Under a direct current (DC) electric field,
charged particles scattered in a fluid media migrate toward a designated electrode (or deposition
surface) and eventually coagulate as a homogeneous coating on the electrode. With the increased
interest in employing ZnO nanoparticles in integrated circuits and nanoelectronics, investigating
the EPD of ZnO nanoparticles on various semiconductor substrates such as silicon is interesting.
To that aim, the primary emphasis of this dissertation research is the feasibility and examination
of the EPD and fabrication of ZnO NPs on silicon substrates with and without proper surface
functionalization. The list below summarizes the experimental results obtained in this work on the
deposition pattern, conditions, and controlling parameters:
i.

EPD of ZnO NPs on Si substrates without APTES substrates functionalization
a. Without insulator layers, EPD was achieved using a stable suspension of ZnO NPs on
p-silicon substrates.
b. Oxygen vacancies and non-stoichiometric imperfections in silicon substrate samples
create an emission peak at 500 nm.
c. The silicon substrates employed in the deposition did not receive surface
functionalization or treatment.
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d. Changing the ZnO NPs concentration in the EPD solution (2 percent–10 percent ZnO
NPs) on the Raman spectroscopy and thickness of the deposited ZnO NPs
nanostructures have also been thoroughly investigated.
e. The thickness, weight, and surface roughness of ZnO NPs films were modified by
changes in the electric field and deposition time.
f. Acceptable degradation results for ZnO NPs following EPD efforts on bare silicon
surfaces illustrate the difficulties of reusability and maintaining proper dispersion during
the deposition process.
ii.

ZnO NPs were electrophoretically deposited on p-silicon substrates with APTES surface
functionalization.
a. EPD was utilized to produce homogenous thin coatings of ZnO NPs on silicon substrates
functionalized with 3-aminopropyl-triethoxysilane (APTES).
b. Oxygen vacancies and non-stoichiometric imperfections in silicon substrate samples
create an emission peak at 505 nm.
c. The advantages of EPD technology over drop-coating as a quick, reliable, and
repeatable room temperature coating technique have been thoroughly proven during this
inquiry.
d. The APTES-assisted EPD technique eliminates the need for high-temperature systems
like physical vapor deposition of metals on bare silicon substrates, allowing for a costeffective, quick, and solution-based room temperature fabrication strategy for ZnO NPs
thin films a wide range of next-generation electronic applications.

iii.

ZnO nanostructures surfaces were characterized using SEM, AFM, and FS (fluorescence
spectroscopy.
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a. The topographic contrast in SEM Figures reveals significant-high relief feature areas.
Although Figure 6.1 shows a more uniform surface than Figures 6.2, 6.3, and 6.4, the
specimen has fewer deposited ZnO NPs.
b. On the surface of 10% of ZnO concentration (Figure 6.4), a few larger clusters with
diameters ranging from 1 μm to 2 μm and heights around 100 nm–120 nm are randomly
distributed. The SEM images in Figures 6.1, 6.2, 6.3, and 6.4 demonstrate that
morphological changes were controlled throughout the fabrication process by the
concentration of ZnO NPs in the EPD solution.
c. We detected less continuity and well-defined ZnO NPs on p-type Si substrates with
consistent height across the sample, indicating that APTES enhanced the SEM electron
conductivity of our samples, allowing us to view ZnO NPs on the nanoscale scale.
d. APTES contributes to the topographical transformation of ZnO nanomaterials deposited
on Si substrates, transforming them from continuously produced surfaces with boundary
dislocations to uniform high, sphere-like nanoparticles.
e. The continuity can be elevated by increasing EPD deposited cycles and higher
concentrations of ZnO in the EPD solution.
f.

The SEM images in Figures 6.8 to 6.13 illustrate the growth of ZnO NPs on silicon,
APTES-treated silicon, and aluminum substrates to investigate the effect of the
underlying substrates on the electrophoretically deposited ZnO NPs.

g. Larger clusters of ZnO NPs are connected to randomly dispersed APTES-treated silicon
substrates.
h. Figure 6.11 shows nanorod-shaped ZnO nanoparticles connected to bare silicon
substrates.
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i. Spherical-shaped ZnO nanoparticles are linked to functionalized silicon substrates
(Figure 6.12). As predicted, APTES treatment enhanced the visibility of ZnO
nanoparticles at lower scales and the electron scattering conductivity of the substrate
[181, 254].
j. The continuity can be elevated by increasing EPD deposited cycles and higher
concentrations of ZnO in the EPD solution
k. The SEM images in Figures 6.8 to 6.13 demonstrate that the underlying substrates
influenced morphological changes. SEM photographs of the ZnO nanostructures show
excellent surface coverage, extraordinary homogeneity and packing density, and the
absence of tiny fractures or random discontinuities in the film structure on any substrate.
l. We proved that the substrates on which ZnO NPs are generated significantly affect their
morphology.
m. The surface profile for the blue line in the AFM Figure 6.19 demonstrates a successful
uniformity rate for the EPD system with minimal granular structures, demonstrating the
effect of providing a higher voltage and employing functionalized silicon surfaces.
n. The hole at the surface area's edge (0.8 µm) reveals that the increased thickness caused
by the 60V applied voltage was, on average, 4 nm thicker.
o. Increasing the EPD applied voltage on the surface of ZnO NPs enhances the overall
crystalline structure of ZnO NPs deposited on a P-type silicon substrate. We found that
APTES-treated surfaces provide superior outcomes regarding homogeneity, grain size,
and controlled ZnO thickness.
p. Increased grain size resulted in forming island-shaped structures on the surface of thin
structures on a p-type silicon substrate, resulting in rougher surfaces.
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q. The results suggest that the thickness of deposited ZnO NPs may be accurately regulated
by changing the deposition time on the target substrates.
r. The ultraviolet emission at 399 nm (3.1eV) can be attributed to the inter-band radiation
sequence of electrons and holes created by photons.
s. When the fluorescence-based sensitivities of ZnO nanoparticles and ZnO microparticles
are compared, the results indicate that ZnO nanoparticles sensors have a slightly higher
sensory response to the fluorescence spectrum; the results also suggest that ZnO
nanoparticles sensors have a slightly higher peak wavelength emission, while ZnO
microparticles sensors have a slightly higher emission energy (by 3.24 eV).
t. EPD establishes a facile, cost-effective, reproducible, and single-step coating strategy
to obtain uniform deposits of horizontally aligned porous ZnO NPs networks.
iv.

ZnO nanostructures surfaces were characterized using UPS and Raman spectroscopy.
a. We found that ZnO NP resistivity varies between 10–50 Ω without APTES treatment.
This value confirms the development of ZnO on Si substrates and demonstrates how
resistivity decreases with applied voltage (Figure 6.24).
b. This research also examines several critical factors that influence the semiconductor
type of dopant, Fermi level, valance band maximum, work function, and bandgap
parameters.
c. APTES functionalized silicon substrates exhibit similar Raman behavior, with slightly
new peaks between 325 and 375 cm-1, indicating that treating substrates with APTES
improves deposition thickness and yields but also adds barely new peaks between 325
and 375 cm-1

v.

Fabrication of heterostructures based on n-ZnO NPs/p-Si heterojunction
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a. The rectification behavior of these devices was seen in the I-V characterization
measurements.
b. The first region is the square power area (off region), with a voltage around zero. The
forward biased area (on region) is the second region.
c.

The curve suggests a reliance on the space-charged-restricted current mechanism,
which has been discussed in several studies

8.2 Recommendation for Future Work
8.2.1 Fabricating Thin Film Transistor Based on the EPD of ZnO NPs
The fabrication of electronics heterojunctions based on the deposition of ZnO NPs analysis
to metal evaporator deposition or lithography pattern and surface treatment analytes with different
temperatures was covered in Chapter 5 of this dissertation. Thin-film transistors made of sensitive
nanomaterials like ZnO NPs should also be employed to conduct standard I-V and sensing
experiments on diverse analytes dissolved or dispersed in a fluid medium. Smaller transistors
might be used in this case to get higher density transistors and quicker performance. Endoscopic
sensors are also employed for human tissue diagnostic and therapeutic in-situ molecular imaging.
The construction technique for the TFT based on ZnO NPs should be identical to Section
7.1, except that we connect both ends to the aluminum contact on the to of the heterojunction
samples when we sweep the applied voltage using a semiconductor characterization device to
evaluate the I-V characteristic.
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8.2.2 Hydrogen-Sensing Study on ZnO NPs Surfaces Analyte for Environmental or
Biomedical Application
The fluorescence characterization of various ZnO particle sizes, underlying substrates, and
concentrations was described in Chapter 6 of this dissertation. The fluorescence excitation and
emission findings may be used to investigate how sensitive ZnO nanostructures are to gases like
hydrogen, oxygen, or biological compounds.
8.2.3 The Influence of the Higher Deposition Voltage on the UPS Characterization
We study techniques for governing the Fermi level of electrophoretically deposited ZnO
nanostructures. A density of state (DOS) study is critical for next-generation electronic devices. It
gives more insight into how electrons behave in an electronic device like TFT or single electron
transistor (SET). Adding further experiments in this area is required.
The UPS instrument was utilized in this work to investigate several characteristics of
constructed heterojunctions. This dissertation introduced variations to the UPS characterizations
by changing the concentrations, the applied excitation on the samples, and etching the surface with
neon gas. We might acquire larger deposition thickness and various density of states findings if
we repeated the set-up trials while adjusting the applied voltage during the EPD deposition.
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APPENDIX B FLUORESCENCE SPECTRA FOR DETECTING ZNO
MICROPARTICLES AND NANOPARTICLES DATA PROCESSING
The following data processing code was done in MATLAB to obtain comparable
results between nanoparticles and microparticles
clear;
clc;
clear all;
close all;
ZeBemission = [315
317
100570
319
109600
321
121880
323
134620
325
156890
327
186650

91240

ZeBexcitation = [
250
11915.4
251
7853.4033
252
2354.603
253
17068.488
254
5819.5928
255
7106.0576
256
9762.4473
257
14979.029
258
11019.283
259
17879.949
260
7108.1626
ZeAlemission= [315
317
3640
319
4040
321
4400
323
5610
325
5910
327
7570
329
8390
331
10560
ZeAlexcitition = [250
251
10559.662
252
4741.5835
253
6458.5576

2720

2988.6431
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254
255
256
257
258

1955.0342
0
1639.8818
4531.0376
4163.1973

xemissionAl=ZeAlemission(:,1)
yemissionAl=ZeAlemission(:,2)
xexitationAl=ZeAlexcitition(:,1)
yexcitationAl=ZeAlexcitition(:,2)
xemissionB=ZeBemission(:,1)
yemissionB=ZeBemission(:,2)
xexitationB=ZeBexcitation(:,1)
yexcitationB=ZeBexcitation(:,2)
figure (1)
plot(xemissionAl,yemissionAl, 'LineWidth',2)
hold on
plot(xemissionB,yemissionB, 'LineWidth',2)
legend('nm ZnO Emission','μm Zno Emission ')
xlabel('wavelength (nm)')
ylabel('Intensity (a.u)')
grid on
hold off
figure (2)
m=medfilt1(yexcitationAl,10);
plot(xexitationAl,m, 'LineWidth',2)
hold on
r=medfilt1(yexcitationB,10);
plot(xexitationB,r, 'LineWidth',2)
legend('μm ZnO Excitation','nm Zno Excitation ')
xlabel('wavelength (nm)')
ylabel('Intensity (a.u)')
hold off
grid on
figure (3) % Draw emission of nanoparticles
120

plot(xemissionAl,yemissionAl, 'LineWidth',2)

hold on
plot(xexitationAl,yexcitationAl, 'LineWidth',2)
legend('μm ZnO Emission ','μm ZnO Excitation')
xlabel('wavelength (nm)')
ylabel('Intensity (a.u)')
grid on
figure (4) % Draw emission of MicroParticles
plot(xemissionB,yemissionB, 'LineWidth',2)

hold on
plot(xexitationB,yexcitationB, 'LineWidth',2)
legend('μm ZnO Emission ','μm ZnO Excitation')
xlabel('wavelength (nm)')
ylabel('Intensity (a.u)')
grid on
ff=(yemissionB-min(yemissionB))./(max(yemissionB)-min(yemissionB)) ; % normalizing the
data p

jj=(yexcitationB-min(yexcitationB))./(max(yexcitationB)-min(yexcitationB)) ; % normalizing
the data p
figure (5) % Draw normalized Microparticles ZnO
plot(xemissionB,ff, 'LineWidth',2)
hold on
plot(xexitationB,jj, 'LineWidth',2)
legend('μm ZnO Emission ','μm ZnO Excitation')
xlabel('wavelength (nm)')
ylabel('Intensity (a.u)')
grid on
M1=max(ZeBemission)
M2=max(ZeBexcitation)
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figure (6) % Draw nanoparticles normalized ZnO
ff1=(yemissionAl-min(yemissionAl))./(max(yemissionAl)-min(yemissionAl)) ; % normalizing
the data p
jj1=(yexcitationAl-min(yexcitationAl))./(max(yexcitationAl)-min(yexcitationAl)) ; %
normalizing the data p
plot(xemissionAl,ff1, 'LineWidth',2)
hold on
plot(xexitationAl,jj1, 'LineWidth',2)
legend('nm ZnO Emission ','nm ZnO Excitation')
xlabel('wavelength (nm)')
ylabel('Intensity (a.u)')
grid on
Integral1nanoemissfqy2 = trapz(ff1)
Integral1fqynanoexc1 = trapz(jj1)
Integral2 = trapz(yexcitationB)
Integral3 = trapz(yemissionAl)
Integral4 = trapz(yexcitationAl)
Quant1=Integral1nanoemissfqy2./Integral1fqynanoexc1 % it was fqy 48.25
Quant2=Integral1nanoemissfqy2./(Integral1nanoemissfqy2 + Integral1fqynanoexc1)
Integral1microemissfqy1 = trapz(ff)
Integral1fqymicroexc1 = trapz(jj)
Quant2=Integral1microemissfqy1./(Integral1microemissfqy1 + Integral1fqymicroexc1) % it was
fqy 33.65
figure (7) % Draw nanoparticles and microparticles emission normalized ZnO
plot(xemissionAl,ff1, 'LineWidth',2)
hold on
plot(xemissionB,ff, 'LineWidth',2)
legend('nm ZnO Emission ','μm ZnO emmission')
xlabel('wavelength (nm)')
ylabel('Intensity (a.u)')
grid on
figure (8) % % Draw nanoparticles and microparticles excitation normalized ZnO
m11=medfilt1(jj1,10);
plot(xexitationAl,m11, 'LineWidth',2)
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hold on
m22=medfilt1(jj,10);
plot(xexitationB,m22, 'LineWidth',2)
legend('nm ZnO Emission ','μm ZnO Excitation')
xlabel('wavelength (nm)')
ylabel('Intensity (a.u)')
grid on
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